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Abstract 
ELP3 plays an active role in synaptic bouton expansion and sleep in Drosophila 
Neetu Singh 
 
 
 
ELP3 is a GNAT family histone acetyltransferase that is the catalytic subunit of the 
Elongator complex and it plays roles in transcriptional elongation in the nucleus and 
exocytosis and tRNA modification in the cytoplasm. ELP3 has also been shown to 
control the migration and differentiation of cortical neurons via the acetylation of α -
tubulin.  It is thus proposed that ELP3 may harbor multiple functions in separate cell 
compartments.  Importantly, ELP3 misregulation is involved in various neurological 
disorders including Familial Dysautonomia and Amyotrophic Lateral Sclerosis.  I 
investigated the role of Dmel\ELP3, the Drosophila human ELP3 homolog, in 
multicellular Drosophila development, with an emphasis on its role in nervous system in 
neuroplasticity and behavior.  Through the combined utilization of the UAS-GAL4 
system and the powerful Drosophila larval NMJ model, I show that ELP3 is essential for 
multicellular development and that reduction of ELP3 in the nervous system results in 
hyperactive, viable that flies that sleep less than control flies and form an increased 
number of synaptic boutons at the larval NMJ.  I consequently identify three novel target 
genes involved in sleep, stress response, hyperactivity, and synaptic function that are 
misregulated as a result of ELP3 downregulation.  Taken together, my results suggest that 
Dmel\ELP3 plays an active role in synaptic bouton expansion and sleep in Drosophila. 
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Chapter 1: Background and Significance 
 
Epigenetics and Chromatin Packaging 
Cell differentiation is largely dependent on changes in gene expression.  It 
was once thought that genes were selectively lost during cell differentiation, and 
therefore not expressed in particular cell types.  It is now known however, that 
differential gene expression is in large part controlled through epigenetic regulation 
(Brownell and Allis 1996; Jenuwein and Allis 2001).  In this type of regulation, 
specific enzymes target chromatin structures to alter its organization and allow 
activation or repression of transcriptional machinery, without altering the sequences 
of the cell’s DNA (Kikyo and Wolffe 2000).  DNA is tightly compacted within 
eukaryotic cell nuclei in combination with core histone proteins to form the structure 
of chromatin  (Brownell and Allis, 1996; Brown, Lechner, Howe, and Workman, 
2000; Fischle, Wang, and Allis, 2003).  The basic unit of chromatin is the 
nucleosome, which consists of approximately 146 base pairs of DNA wrapped around 
a histone octamer core consisting of two histone H2A/H2B dimers and an H3/H4 
tetramer of histones (Mizzen and Allis, 1998; Luger et al., 1997).  Nucleosomes are 
linked to neighboring nucleosomes through linker histone H1 and other non-histone 
proteins and, in a highly organized manner, are tightly compacted into approximately 
a 10nm fiber, a 30nm solenoid structure, and higher order structures until they are 
finally packaged into highly condensed chromosomes during interphase inside the 
nucleus of each cell (Bottomley, 2004; Debouck and Goodfellow, 1999).  Two types 
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of chromatin exist, which vary in their degrees of condensation.  The highly 
condensed form is called heterochromatin and is usually associated with gene 
repression.  The more loosely compacted form is called euchromatin and is usually 
associated with gene transcription (Bottomley, 2004; Wolfsberg, 2001; Edmundson 
and Roth, 1996).  Chromatin plays a pivotal role in many cellular processes, including 
gene activation, transcription, replication, DNA repair, recombination, and DNA 
stability (Brown et al., 2000, Brownell and Allis, 1996, Marmorstein and Roth, 2001, 
Peng and Karpen, 2007, and Roth, et al., 2001).  Most active genes are present in 
regions of euchromatin.  Their level of expression is modulated by the degree of 
compaction of the chromatin and by enzymatic changes, such as remodeling and 
covalent modifications.  The post-translational modifications that occur on histone 
tails include: histone acetylation, histone deacetylation, histone phosphorylation, 
histone methylation, and histone demethylation, among others.   
 
The Histone Code and the Epigenetic Code 
The histone code, proposed by C. David Allis in 2000 is the concept that 
states that the types and levels of modifications on chromatin individually and in 
combination prescript particular biological outcome(s). For example, phosphorylation 
at histone H3 serine 10 (H3S10) is associated with an inactive chromatin state.   
However, if this modification occurs in combination with acetylation at H3K9 and 
H3K14, then the chromatin is deemed active (Nowak and Corces 2000).  Active 
states are associated with decondensed (accessible) chromatin, while silent states are 
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associated with condensed (inaccessible) chromatin.  Of the various enzymes 
identified that modify chromatin, histone acetyltransferases (HATs), involved in 
histone acetylation, have been most widely studied and well characterized (Strahl and 
Allis, 2000; Turner, 2000), and histone demethylases (HDMs) are the most novel 
class of chromatin regulators to be identified (Shi et al., 2004, Cloos et al., 2006).  
Histone modifications provide a platform for stable gene expression in specific cell 
types throughout development and also allow for dynamic gene expression profiles 
through influences of the surrounding environment.  The histone code is part of the 
epigenetic code, which includes modifications of the histone code as well as others, 
such as DNA methylation.  The epigenetic code is hierarchically above the genetic 
code, in that the genetic code is the same in each cell, i.e. every cell in an organism 
contains the same genome, but the epigenetic code is tissue and cell-type specific, 
allowing for differential gene expression (Turner 2007).  Following is an overview of 
various histone modifications that contribute to the histone code. 
 
Post-translational Histone Modifications 
    Histone Methylation 
 Histone methylation, carried out by histone methytransferases, involves the 
addition of one to three methyl groups to specific residues of histone tails.  Histone 
methylation is usually associated with gene repression, however specific methyl 
marks for example at histone H3 lysine 4 (H3K4) and at arginine residues of H3 and 
H4 result in the activation of certain genes (An 2007; Smith and Denu 2009). Histone 
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methylation is a dynamic process in which histone demethylases can reverse methyl 
marks on histones (Shi, Lan et al. 2004; Huang and Berger 2008; Lan, Nottke et al. 
2008).      
 
    Histone Demethylation 
Histone demethylation is a recently discovered histone modification that is 
carried out by histone demethylases (HDMs) (Shi, Lan et al. 2004).  Until five years 
ago, the methyl mark placed on lysine residues via histone methylation was thought 
to be static due to its high thermodynamic stability; however through the discovery of 
the lysine-specific histone demethylase, LSD1 it is now known that histone 
methylation is dynamically regulated.  LSD1 preferentially demethylates mono- and 
di-methylated residues, but not tri-methylated residues.  To date, another family of 
HDMs has been identified, which can demethylate tri-methylated residues in histone 
tails: the JmjC domain-containing family of histone demethylases (JHDMs also 
known as the Jumonji family of proteins), which includes the JMJD2 gene family.  
Dmel\Kdm4A, the HDM that we have studied (see chapter 4) and functionally 
characterized is the Drosophila human homolog of the human JMJD2 gene family.  
Each class of HDMs has a different mechanism of action. In general, HDMs work by 
removing methyl groups from specific protein residues that were placed on histone 
tails by histone methyltransferases.  ELP3 was once thought to harbor histone 
demethylase activity in addition to its HAT activity, but this has yet to be determined, 
as the strongest evidence is through sequence analysis (Chinenov, 2002), and 
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biochemical data does not support a role for histone demethylase activity.  ELP3 
contains an Fe4S4 cluster which characterizes the Radical SAM superfamily and binds 
SAM. Evidence only supports a role for this domain in maintaining the structural 
integrity of the ELP3 complex, Elongator (Paraskevopoulou et al., 2006 (Greenwood, 
Selth et al. 2009).   
 
      Histone Phosphorylation 
Histone phosphorylation involves the addition of a phosphate (PO4) group to a 
specific protein.  Phosphorylation, carried out by kinases and dephosphorylation, 
carried out by phosphatases act as switches to turn enzymes “on” and “off”.  Histone 
phosphorylation at serine 10 of histone H3 precedes acetylation at H3 for a number of 
genes, thereby theoretically acting as a switch for H3 acetylation to occur (Cheung, 
Allis et al. 2000).  For example, H3 is phosphorylated in response to stimulation by 
epidermal growth factor (EGF) and histone acetylation at H3 occurs after 
phosphorylation, suggesting a functional link between the two modifications (Barratt, 
Hazzalin et al. 1994).  This suggests that not only is there dynamic interplay between 
HATs and HDACs to regulate transcriptional profiles, but that there is functional 
interplay between other histone tail modifications that may allow for dynamic control 
of cellular signaling. 
 
    Histone Ubiquitination 
Histone ubiquitination is carried out by ubiquitin, a small, 76 amino acid, 
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8.5kDa, highly conserved, ubiquitously expressed protein in eukaryotes.  Initial 
activation of ubiquitin occurs via an ATP-dependent reaction involving E1, a 
ubiquitin-activating enzyme.  This is followed by conjugation to E2, a ubiquitin-
conjugating enzyme, via a thioester bond to a cysteine residue in E2.  Ubiquitin is 
then transferred from E2 to a target lysine residue on histone H2A or H2B by E3.  E3 
is a ubiquitin-protein isopeptide ligase that contain a C3HC4 (RING) finger motif that 
binds zinc and is required for E3 (ubiquitin ligase) activity (Hochstrasser 1996).  
Substrates can be mono- or poly- ubiquitinated.  Monoubiqutination acts as a 
signaling tag for the substrate protein for a particular function, while 
polyubiquitination marks proteins for degradation via the 26S proteasome.  
Ubiquitynation of histones H2A and H2B plays critical roles in regulating many 
cellular processes within the nucleus, including transcription initiation and 
elongation, silencing, and DNA repair (Weake and Workman 2008).  
 
    Histone Acetylation 
Histone acetylation is a process that is carried out by histone 
acetyltransferases  (HATs), which play a fundamental role in transcriptional 
regulation.  HATs acetylate specific, conserved lysine residues on the N-terminal tails 
of histone proteins by donating an acetyl group from acetyl coenzyme-A to the ε -
amino group of the lysine, thereby theoretically disrupting the affinity between 
histone-DNA and histone-histone contacts and allowing access of the DNA to 
transcription factors by either “loosening” packaged chromatin or by serving as 
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docking sites for transcription and other factors.  Gene transcription is thereby 
facilitated through the loosening of chromatin packaging and/or altering of 
nucleosomal interactions, granting genes accessibility to transcription factors (Grant 
and Berger, 1999).  HATs fall into two distinct HAT families based on the structural 
similarities: the GNAT family (for GCN5-related N-acetyltransferase) and the MYST 
family (for founding members MOZ, Ybf2/Sas3, Sas2, Tip60). The main functional 
domains of the GNAT superfamily include an amino-terminal domain of variable 
length, thought to facilitate the recognition of nucleosomal histone substrates, a 
highly conserved catalytic HAT domain that recognizes and binds acetyl-CoA, and a 
carboxy-terminal bromodomain that is involved in protein-protein interactions 
(Marmorstein and Roth, 2001). Elongator Protein 3 (ELP3) is a GNAT family HAT 
(Smith et al., 1998) and the HAT of interest in the majority of my studies, discussed 
later. 
To date, eight histone acetyltransferases (1 putative) have been identified in 
Drosophila melanogaster: CBP/p300, TIP60, ELP3, GCN5 (PCAF), Chameau 
(HBO1), MOF, Enok (Qkf), and TAF(II)250 (BIP2).  Of these, ELP3 and GCN5 
belong to the GNAT family, while TIP60, Chameau, MOF, and Enok belong to the 
MYST family.  Six of these have been biochemically characterized to show that they 
possess histone acetyltransferase activity.  Enok encodes a Drosophila putative 
histone acetyltransferase required for mushroom body neuroblast proliferation, based 
on the fact that a single amino acid change in the zinc finger motif of the putative 
catalytic HAT domain gives the same phenotype as a null allele. This indicates the 
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importance of HAT activity to Enok's function; moreover Enok shares extensive 
sequence similarity with Moz and Qkf (MYST family members) (Yang 2004).  
Dmel\Elp3 is characterized as a Drosophila HAT based on sequence identity to 
biochemically characterized human Elp3 (Zhu et al., 2007). 
 
    Histone Deacetlylation  
 Histone deacetylation is a process that is carried out by histone deacetylase 
(HDAC) enzymes in an opposite action to HATs.  HDACs act by removing acetyl 
groups from lysine residues on histones and histone deacetylation usually results in 
gene repression (Jones 2007 Cell).   
 In normal cells a balance between histone acetylation by HATs and histone 
deacetylation by HDACs is essential for normal cell proliferation.  In fact a disruption 
of this balance has often been shown to be associated with tumorigenesis  (Lafon-
Hughes, Di Tomaso et al. 2008).  Several HDAC inhibitors are available and some 
have successfully been used for therapeutic treatment of many diseases including 
acute myeloid leukemia (Klimek, Fircanis et al. 2008).  Therapeutics are advancing 
and several HDAC inhibitors and some HAT inhibitors exist, lending the possibility 
of directed therapeutics for diseases caused by HAT misregulation.  
 Before the discovery of the histone code and various histone modifications 
that regulate gene expression, it was widely believed that transcription factors acted 
alone in regulating genes.  However, it is now known that other factors, such as those 
involved in modifying chromatin, also play crucial roles in gene regulation. 
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Chromatin and Developmental Gene Regulation 
The roles of transcription factors in gene regulation and cell differentiation 
have been extensively studied over the past twenty years.  More recently, it has been 
shown that transcription factors are not the sole key regulators of gene expression 
(Zardo, Fazi et al. 2005; Lin and Dent 2006).  For example, in early embryogenesis 
the initial activation or repression of homeotic (Hox) genes, which are required for 
the determination of spatial identity of the body plan in Drosophila and vertebrates, 
depends on the expression profiles of specific transcription factors and morphogens 
(Akam, 1987). However, these regulators do not persist later in development, though 
Hox gene expression patterns do. Molecular mechanisms are not completely clear, 
though gene expression during later stages of development is controlled in large part 
by chromatin structure, which is modulated by Polycomb group (PcG) and trithorax 
(trxG) group proteins (Kennison 1995; Pirrotta 1998). Significantly, many of these 
regulatory proteins were initially identified in Drosophila, and subsequently 
identified in humans and other mammals.  Several examples exist in which 
appropriate cell differentiation and gene expression levels are regulated via chromatin 
structure and chromatin control by other factors, and not solely based on the presence 
and function of transcription factors (some examples follow). 
 
    Polycomb Group (PcG) Proteins 
The Polycomb gene was discovered in 1947 through a dominant mutation 
inducing ectopic sex combs on the second and third legs of adult male Drosophila 
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(Lewis, 1978, Lin and Dent, 2006, and Grimaud et al., 2006). Genes of the PcG 
encode trans-regulators of homeotic gene function in Drosophila and maintain 
repression of Hox genes in specific segments (Kennison 1995). The Polycomb 
Repressive Complex 1 (PRC1), containing PcG proteins was isolated in 1999 (Shao, 
et al.) from Drosophila embryos, and shown to be associated with several 
polypeptides (>30), including many TBP- (TATA-binding protein) associated factors 
(TAF) (Saurin et al., 2001). The presence of TAF in PRC1 (found through co-
immunoprecipitation by Breiling et al., 2001) suggests it may suppress transcription 
by interacting directly with transcriptional machinery. PCC, a core PRC1 complex, 
contains four proteins which are sufficient to inhibit ATP-dependent chromatin 
remodeling by the well-known SWI/SNF complex, a homolog of the Drosophila 
BRM complex. This shows that PRC1 can repress transcription without direct contact 
with transcription factors, and suggests a role for PRC1 in maintaining a repressive 
chromatin structure. PRC1-type complexes are also involved directly in histone 
modifications. They can ubiquitylate lysine (K) 119 of histone H2A. This epigenetic 
histone modification is essential for silencing Drosophila and mouse Hox genes 
(Wang et al., 2004 and Cao et al., 2005). 
 
    Trithorax Group (trxG) Proteins 
Genes in the trxG also encode trans-regulators of homeotic gene function in 
Drosophila, but they maintain activated gene states in specific segments and can 
counteract the activity of PcG genes in Hox gene regulation (Kennison, 1995 and 
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Grimaud et al., 2006). trx, the original member of trxG was isolated as a natural 
mutation that induces transformation of segments into more anterior ones (Ingham 
1983 and 1998). Trithorax acts as a histone methyltransferase by preventing 
transcriptional silencing by PcG proteins. This is accomplished via methylation of 
H3K4 (an activation mark), which may possibly prevent H4K27 methylation (a 
repressive mark) by PcG complexes (Klymenko and Muller, 2004 and Lin and Dent, 
2006). Proper tissue-specific chromatin modification levels are required for 
appropriate gene expression and development.  
 
    MyoD and MEF2 Families of Transcription Factors 
Skeletal muscle cells have also been studied to determine the role of 
chromatin structure in the control of cell growth, differentiation, and development. 
The MyoD and MEF2 families of transcription factors regulate expression of skeletal 
muscle-specific genes. Recent studies have shown that MyoD and MEF2 associate 
with HATs and HDACs to control activation and repression, respectively, of genes 
involved in muscle differentiation. The acetylation states of chromatin either allow 
(acetylated) or inhibit (deacetylated) access of transcriptional activators and hence 
gene activation. MyoD has been shown to interact directly with p300/CBP and PCAF 
(HATs) within the p300/CBP complex (Puri et al., 1997). Disruption of this complex 
via anti-PCAF antibody microinjection inhibits muscle differentiation. This suggests 
that recruitment of the HAT activity (not only direct transcription activation by 
MyoD) of PCAF in the p300/CBP complex by MyoD is essential for myogenic 
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events.  
 
    Heterochromatin Protein 1 (HP1) 
SUV39H1 (a histone methyltransferase, or HTMase) places a methyl marker on 
histone H3, which is recognized by HP1, which binds with high affinity to methylated 
H3K9 (H3K9Me) via its chromodomain to induce heterochromatin formation. A 
point mutation in this chromodomain abolishes the gene silencing activity of HP1 in 
Drosophila by destroying its methyl-lysine-binding activity.  Methylase activity of 
Clr4 in S. pombe (Suv39H1 homolog) is necessary for the correct localization Swi6 
(HP1 equivalent) at centromeric heterochromatin and for gene silencing (Bannister et 
al., 2001 and Lachner et al., 2001). Suv39h double-null mutant mice (generated by 
intercrossing Suv39h1 -/- and Suv39h2 -/- mice) display severely impaired viability 
and chromosomal instabilities associated with increased tumor risk and abnormal 
chromosome interactions during male meiosis (Bannister et al., 2001). This suggests 
an essential role for H3K9 methylation in the protection of genome stability. HP1 
protein association with heterochromatin in vivo is lost in Suv39h double-null 
primary mouse fibroblasts; however, it is restored after reintroducing a catalytically 
active SUV39H1 (Lachner et al., 2001). Together, these data show that Suv39h 
HMTase activity is required for HP1 binding and heterochromatin formation, and 
Suv39h HMTases and HP1 are essential epigenetic regulators for mammalian 
development. 
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    Androgen-Dependent Transcription 
During androgen-dependent gene activation, specific histone demethylases are 
involved in the control of gene expression. The androgen receptor belongs to the 
steroid hormone receptor family of ligand-activated transcription factors. Members of 
this family regulate several biological functions including cell growth and 
differentiation, development, and various organ functions in the adult (Mangelsdorf 
and Evans, 1995 and Peterziel et al., 1999). The androgen receptor contains several 
domains that mediate processes such as DNA binding, ligand binding, and 
transcriptional activity (Mangelsdorf and Evans, 1995). Upon hormone binding, the 
cytoplasmic androgen receptor dissociates from chaperones and translocates to the 
nucleus where it binds to androgen response elements (AREs) of target genes and 
thereby regulates gene expression (McKenna and O’Malley, 2002). During this step, 
LSD1, a histone lysine demethylase, forms a chromatin-associated complex with the 
ligand-activated androgen receptor and demethylates at mono- and di-methylated 
H3K9 of androgen receptor target genes such as prostate specific antigen (PSA) 
(Metzger et al., 2005). Knockdown of LSD1 expression blocks androgen receptor-
mediated gene expression. This indicates that LSD1 is essential for the regulation of 
androgen receptor dependent gene expression. Knockdown of another histone 
demethylase, JHDM2A blocks expression of androgen receptor target genes (Yamane 
et al., 2006). The data shows that the HDMs JHDM2A and LSD1 are necessary for 
androgen-dependent gene activation. 
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The Histone Acetyltransferase Elongator Protein 3 (ELP3)  
  
    ELP3 is a Gcn5-related N-Acetyltransferase (GNAT) Superfamily HAT 
 HATs are known to exist in multi-protein complexes, which aid in regulating 
their functions.  Though HATs share the common base-line function to acetylate 
histones, they are substrate-specific depending on when and where they are 
expressed, and with which complex they are associated.  GCN5 (part of the GNAT 
superfamily of acetyltransferases) was one of the first HATs to be identified, and 
since then it has been extensively studied and found to be a part of numerous 
complexes both within an organism (e.g. yeast) and between organisms.  In 
Drosophila, GCN5 is found in the SAGA and ATAC complexes, while in yeast 
GCN5 is found in the SAGA, SLIK, ADA, and HAT-A2 complexes.  HATs such as 
GCN5 serve different functions in different complexes and in combination with other 
HATs.  Different HATs serve distinct cellular functions and act substrate specifically.  
For example, Gcn5 is the catalytic subunit of the SAGA complex in yeast and it 
preferentially acetylates H3K9 and to a lesser extent H3K14; while the NuA4 
complex, with a Sas3 catalytic subunit, preferentially acetylates H3K14 (John et al., 
2000).  SAGA/ADA complexes (catalytic subunit Gcn5) have been shown to function 
at promoter sites, while the Elongator complex (catalytic subunit is Elp3, described 
below) is thought to function in gene coding regions, thereby aiding RNAPII-
mediated elongation.  Though these two complexes function in different regions, the 
SAGA and Elongator complexes have been shown to have overlapping roles in vivo 
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(Wittschieben et al., 2000).  Deficient phenotypes were seen in combining an elp 
mutation with a mutation in a gene encoding a SAGA-specific subunit, but not in 
combining the elp mutation with an ADA-specific subunit.  This shows that 
appropriate function corresponds to appropriate expression of HATs within and in 
combination with specific complexes. 
Elp3 only expresses well in bacteria when fused to GST or thioredoxin, 
however these fusion proteins are insoluble.  Due to the insolubility of Elp3 
(Wittschieben et al., 1999) its HAT activity was analyzed and confirmed through the 
use of the in-gel HAT assay (Brownell and Allis, 1995).  As described in Otero et al., 
1999, native ternary complexes were isolated from yeast and RNAPII was purified 
from the complexes.  The 60kDa band of RNAPII (which was Elp3) was identified 
via matrix-assisted laser description/ionization (MALDI) time-of-flight (TOF) mass 
spectrometry (MS).  To assay for Elp3 histone acetyltransferase activity, insect cells 
were infected with ELP3 virus and vector control virus and allowed to express the 
viral encoded protein.  Crude protein fractions of whole-cell protein, soluble protein, 
and insoluble pellet protein were run on two separate SDS-PAGE gels.  One gel was 
Coomassie blue-stained and one was probed with anti-elp3 antibodies (Western blot).  
Elp3 protein was found in whole-cell and insoluble pellet protein fractions, but was 
undetectable in soluble protein fractions.  Proteins from all three fractions previously 
mentioned were fractionated in 10% SDS-PAGE gels containing 1mg/ml histones or 
BSA (negative control).  The separated proteins underwent renaturation and the gels 
were incubated with [3H]acetyl-CoA and subjected to autoradiography.  A 60kDA 
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Elp3 band was visible in the insoluble pellet protein fraction when incubated with 
histones, and undetectable with BSA only, showing Elp3 possesses intrinsic HAT 
activity in vitro (Figures 4A and 4B, Wittschieben et al., 1999).  It was then 
determined which histone tail(s) were the preferred substrate for Elp3 by repeating 
the same in-gel HAT assay, but using SDS-PAGE gels with individual histones or 
synthetic peptides encoding the histone tails, instead of SDS-PAGE gels with 
histones.  It was shown (Figure 4C, Wittschieben et al., 1999) that Elp3 is capable of 
acetylating at all four core histones (H3, H4, H2A, and H2B) in vitro, with the highest 
affinity for H4.  It is important to utilize in vivo biochemical assays in conjunction 
with in vitro assays to determine the substrate specificity for certain HATs as quite 
often, HAT preference for certain histone proteins is affected by the in vivo 
configuration within the nucleosome . Winkler et al. (2002), subjected Elongator to a 
histone acetyltransferase assay, and it was found that the Elongator complex, when 
intact only acetylates at H4 and H3 (in higher levels at H4).  This data strongly 
suggests that Elp3, the catalytic subunit of the Elongator complex depends on the 
non-catalytic subunits of Elongator (Elp1, 2, 4, 5, and 6) for substrate specificity.  
This experiment could not be carried out with Elp3 alone, because as mentioned 
earlier it is insoluble.  Therefore, the in-gel HAT assay is the relied method for 
assaying HAT activity for Elp3. 
Many HATs, as components of multisubunit complexes are recruited to 
promoters by interacting with DNA-bound activator proteins.  There are numerous 
interaction surfaces within complexes including the SAGA/PCAF/Gcn5 and the 
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Elongator complexes available for association with activators (Berger, 2002).  As 
stated above, Elp3 is the catalytic subunit of the Elongator complex, which consists 
the subunits Elp1-Elp6 (Hawkes, et al., 2001; Krogan and Greenblatt, 2001).  Elp3 
and the other subunits of Elongator are part of the Gcn5-related N-acetyltransferases 
(GNAT) superfamily of HATs (Turner, 2000).  This tremendous superfamily of 
enzymes is widespread in nature and uses acetyl-CoAs to acetylate cognate 
substrates.  Since 1995, over 10,000 members of the GNAT superfamily have been 
identified through genome sequencing and bioinformatics techniques for identifying 
protein superfamilies (Vetting, et al., 2005).  GNAT superfamily HATs display a 
conserved homology across several species, including Drosophila, humans, and yeast 
(Marmorstein and Roth, 2001).  The main functional domains of the GNAT 
superfamily include an amino-terminal domain of variable length, a highly conserved 
catalytic HAT domain, and a bromodomain.  The bromodomain is a 110-amino-acid 
conserved structural region associated with proteins that regulate signal-dependent, 
non-basal transcription.  It can regulate histone acetyltransferase activity and interacts 
specifically with acetylated lysine residues.  A key role for bromodomain proteins in 
maintaining normal proliferation is indicated by the implication of several 
bromodomain proteins in cancer (Jones, Hamana, and Shimane, 2000).  
 
    ELP3 in Transcriptional Regulation 
RNA polymerase II (RNAPII) encounters an environment of chromatin during 
its passage through a transcription unit. In order to facilitate transcription in a 
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repressive chromatin environment, RNAPII can recruit chromatin-remodeling 
complexes, such as Elongator (Workman and Kingston, 1998).  RNA polymerase II 
(RNAPII) (engaged in transcriptional elongation) and a free form of Elongator 
(multisubunit complex which ELP3 is a part of) were isolated by Otero et al. (1999). 
The stable interaction of Elongator with this RNAPII was dependent on a 
hyperphosphorylated state of the RNAPII carboxy-terminal domain (CTD).  The 
isolated free Elongator complex could bind directly to RNAPII.  The proteins in the 
Elongator complex found to be associated with RNAPII have molecular masses of 
150kDa, 90 kDa, and 60kDa (Elp3).  Downregulation of ELP3 leads to decreased 
levels of RNAPII along a transcript (downstream of promoter), but not at the 
promoter.  This highlights an important role for ELP3 in transcript elongation by 
RNAPII (Kristjuhan, Svejstrup, 2004).  Elp3 is the smallest subunit of the yeast and 
human Elongator complex and has also been characterized in as a transcription 
subunit of SAGA. It has been shown to acetylate all four histones in vitro, suggesting 
a direct role for acetylation (Wittschieben et al., 1999)), and it has been confirmed in 
vivo to have HAT activity specifically at histones H3 and H4 (Wittschieben et al., 
2000).  
Elp3 is the HAT of interest in my major study.  It is evolutionarily conserved, 
and Drosophila ELP3 (Dmel\ELP3) shows a high, biologically significant homology 
to its human counterpart: they are 82% identical and 91% similar (Zhu, Singh et al., 
2007).  Yeast and human Elongator bind directly to RNAPII.  Elp3 functions in 
transcription as a subunit of Elongator, and thought to assist RNAPII holoenzyme in 
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establishing and maintaining active chromatin in eukaryotes (Travers, 1999; 
Wittschieben et al., 1999).  The ELP1 and ELP3 subunits of Elongator have been 
shown to associate with RNAPII in a dose-dependent manner (Close et al., 2006).  
Yeast Elp3 nulls have been linked to slow growth adaptation (Wittschieben, 2000; 
Svejstrup, 2002). Interpretation of extensive sequence analyses of Elp3 suggested that 
it contains a second catalytic domain harboring histone demethylase activity 
(Chinenov, 2002), however  biochemical data does not support a role for demethylase 
activity.  This domain does contain an iron-sulfur (Fe4S4) cluster which characterizes 
the Radical S-ademosylmethionine (SAM) superfamily and binds SAM 
(Paraskevopoulou et al., 2006).  Though this domain was pondered to be a putative 
demethylase domain, evidence only supports a role for it in maintaining the structural 
integrity of the Elongator complex (Greenwood, Selth et al. 2009).     
In addition to regulating transcriptional elongation through its association with 
RNAPII in the nucleus, ELP3 also has other cellular functions.  While HAT function 
of ELP3 resides in the nucleus, other functions of ELP3/Elongator are carried out in 
the cytoplasm of the cell, and it is therefore a possibility that ELP3 plays distinct 
roles, not only tissue-specifically as we show, but also in separate cell compartments.  
Various roles of the Elongator complex and ELP3 are discussed below.   
  
    Elongator and Polarized Exocytosis 
 Adherens and septate junctions separate the apical and basal domains of 
polarized epithelial cells.  The formation and stabilization of these junctions are 
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important for maintaining epithelial polarity, and hence cell motility and intercellular 
signaling (Muller, Tvrdik et al. 2000; Tepass, Tanentzapf et al. 2001; Roh and 
Margolis 2003).  Sec2p, a guanine nucleotide exchange factor concentrated in the 
cytoplasm at sites of exocytosis, activates Sec4p, a Rab family GTPase that controls 
yeast exocytosis, and directly associates with Elp1p.  The Elp1p Elongator protein 
antagonizes Sec2p function and polarized secretion through a Sec2p/Sec4-mediated 
pathway.  Elp1p regulates vesicular trafficking in yeast and was identified in a study 
through a screen based on a yeast mutant with a secretion defect due to a mutation in 
the SEC2 gene. Removal of Elp1p resulted in an increase of Sec4p activity, while loss 
of Sec2p interaction with the C-terminus of Elp1p resulted in a loss of Secp2 function 
and localization, suggesting two separate regulatory functions of Elongator in 
polarized exocytosis.  Interestingly, mutations in human Elp1 associated with the 
neurodegenerative disease familial dysautonomia may be linked to defective cell 
motility and exocytosis in neurons.  Neurons are highly dependent on polarized 
exocytosis for their development and function and the authors propose that this 
characteristic may sensitize them to Elp1p dysfunction in FD (Rahl, Chen et al. 
2005).  It is important to note that defects due to Elp1p loss may not be directly due to 
defects in exocytosis, but rather defects in translation that cause defects in exocytosis. 
 
ELP3 and tRNA modification 
 Translation efficiency can be modulated through covalent modification of 
nucleosides in tRNA anticodons.  In mRNA decoding, modified nucleosides in the 
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anticodon region, particularly at the wobble position 34 and position 37, have been 
suggested to be important for restriction or improvement of codon-anticodon 
interactions (Yokoyama, Watanabe et al. 1985; Lim 1994; Takai and Yokoyama 
2003; Gustilo, Vendeix et al. 2008).  In S. cerevisiae, 25% of the tRNA species are 
covalently modified by the addition of carbamoylmethyl (ncm) or 
methoxycarbonylmethyl (mcm) side chains to 59 carbon of uridine 34 (U34) (Huang, 
Johansson et al. 2005; Lu, Huang et al. 2005; Johansson, Esberg et al. 2008; Juhling, 
Morl et al. 2009).  Formation of these side chains at wobble uridine position requires 
the Elongator complex (Huang, Johansson et al. 2005).  Yeast cells lacking Elongator 
activity are viable but display multiple defects including those in RNAPolII 
transcription and exocytosis.  However, these defects all appear to result from a 
primary defect in tRNA modification (Esberg, Huang et al. 2006).  Zymocin, a toxin 
secreted by Kluyveromyces lactis, causes severe growth inhibition in Saccharomyces 
cerevisiae, but this inhibition does not occur in cells lacking an ELP gene.  The cause 
of this may be due to tRNA modification by Elongator and the finding that zymocin 
may be an RNase that specifically cleaves certain modified tRNAs.   
The inactivation or reduction of Elongator subunits, specifically ELP1 and 
ELP3, causes various defects in development, cell viability, proliferation, and 
migration, and neuron projection (Nelissen, Fleury et al. 2005; Close, Hawkes et al. 
2006; Johansen, Naumanen et al. 2008; Creppe, Malinouskaya et al. 2009).  Recently, 
Elongator in mouse cortical neurons has been shown to acetylate α-tubulin (Creppe, 
Malinouskaya et al. 2009).  
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    ELP3 and α-tubulin Acetylation 
 The most recent cytoplasmic function of Elongator to be uncovered is its role 
in promoting neuronal migration and differentiation of projection neurons.  Depletion 
of either ELP1 or ELP3 by short hairpin RNAs (shRNA) in the mouse brain reduces 
migration speed of cortical neurons, resulting in a delay in positioning of migrating 
neurons.  Defects in neuronal branching also occurred due to ELP1 or ELP3 
depletion.  Importantly, the same effects were seen with the expression of a truncated 
form of ELP1 that is unable to bind to ELP3 (Creppe, Malinouskaya et al. 2009).  As 
it was previously shown that intact ELP1 influences the stability of ELP3 (Close, 
Hawkes et al. 2006), it therefore there is believed that ELP3 plays a vital role in the 
migration and branching of cortical neurons.  Creppe et al. additionally show that 
ELP1 and ELP3 colocalize and copurify with microtubules and histone deacetylase 6 
(HDAC6), and partially with acetylated α -tubulin.  Modification of lysine 40 (K40) 
by α -tubulin acetylation is associated with stable microtubules and mutation of this 
residue results in similar neuronal defects that occur in ELP1 and ELP3 depleted 
cells. Overexpression of ELP3 in Drosophila cells results in a dose-dependent 
increase of α -tubulin.  HDAC6 is a microtubule deacetylase and overexpression 
results in a decrease of α-tubulin acetylation in Drosophila cells that is recovered by 
ELP3 HAT expression.  Though it has not been shown that ELP3 directly acetylates 
α-tubulin, it can be suggested as a possibility and it is important to fully investigate 
this possibility.  The data suggests a dynamic interplay between a HAT (ELP3) and 
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an HDAC (HDAC6) to regulate the α-tubulin acetylation and microtubule stability.    
 The misregulation of epigenetic regulators of chromatin has been linked to 
several human disorders and identification of specific regulatory pathways has lead to 
therapeutic treatment of certain diseases. 
 
Epigenetics and Human Disease  
According to their important function in cell cycle regulation, proliferation, 
differentiation and apoptosis, various epigenetic chromatin regulators have been 
shown to be involved in the generation of cancer and other human diseases.  Down-
regulation of the HAT CBP by mutation of one allele leads to the generation of the 
Rubinstein-Taybi syndrome, a mental disorder accompanied by skeletal abnormalities 
(Alarcon et al, 2004). CBP/p300 is found to be translocated in acute myeloid 
leukemia (AML) and is mutated in certain colorectal and gastric cancers. 
Amplification and overexpression of another HAT, the p160 coactivator AIB1, is 
associated with breast cancer. The HATs CBP and p300 possess differential roles in 
heart, lung, muscle, and small intestine development (Kouzarides, 1999). The HDM 
LSD1 has been implicated in disease association, in that it possibly may be used as a 
biomarker in diagnosing prostate cancer (Kahl et al., 2006).  Recently, a plethora of 
evidence has emerged for a role epigenetics in neurological and neurodegenerative 
diseases, including the previously mentioned Rubinstein-Taybi syndrome.  For 
example, humans with Rett syndrome, the most well-studied neurological disease in 
the context of epigenetics, have mutations in MeCP2, which encodes methyl CpG 
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binding protein 2 and binds to methylated DNA.  ELP3 mutations have been directly 
linked to amyolateral sclerosis, a severe motor neuron disease that usually results in 
death within three years of onset (Simpson, Lemmens et al. 2009).  ELP3 is also 
strongly implicated in familial dysautonomia (FD), a severe human neuropathy 
(Close, Hawkes et al. 2006).  Depletion of ELP3 and ELP1 are present in familial 
dysautonomia patient fibroblasts, and specific target genes associated with cell 
motility (gelsolin) and autophagy (beclin2) were identified through ELP1 and ELP3 
RNAi (Close et al., 2006). 
Collectively, these studies imply that specific HATs carry out specialized 
functions in regulating multicellular development (Roth et al., 2001, Xu et al., 2003).  
 
Drosophila melanogaster as a model system 
Drosophila melanogaster is a powerful model system for the study of human-
related development, gene regulation, and disease.  Drosophila and humans share 
many structurally and functionally related gene families.  Drosophila as a model 
system is advantageous in this study because of its amenability to genetic 
manipulations, its high degree of similarity to specific HATs, HDMs, and gene 
families, and its well characterized developmental systems (Chien et al., 2002; Fortini 
and Bonini, 2000).  Approximately 75% of human genes known to be associated with 
disease have a Drosophila ortholog (Marsh et al., 2004). Dmel\Elp3 and Dmel\Lsd1 
are homologous to their human counterparts, supporting the use of Drosophila as an 
appropriate model system for this study. The Drosophila model system is 
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advantageous for developmental studies due to its highly characterized developmental 
stages, processes, and phenotypes (Afageme, et al., 1974). A growing number of 
several human diseases are being modeled in Drosophila and used as a platform to 
identify and validate cellular pathways that contribute to neurodegeneration and other 
cellular processes and to identify promising therapeutic targets by using a variety of 
approaches from screens to target validation (Marsh and Thompson, 2006). 
 
Techniques available for manipulating gene expression in Drosophila  
 Manipulating gene expression in Drosophila can yield different types of 
mutations with differing functional consequences.  Attainable alleles include: loss-of-
function/amorphic/null, gain-of-function, hypomorphic, hypermorphic, 
antimorphic/dominant negative, and neomorphic alleles.  Mutations can occur within 
a Drosophila population spontaneously or can be induced experimentally, which is 
commonly done to study the function of a particular gene (reverse genetics) or to 
investigate the genes involved in creating a specific mutation (forward genetics).   
 Mutations can be induced in the lab with X-rays, gamma rays, and chemical 
mutagens.  The most common mutagens used in Drosophila biology are chemicals 
and P elements.  Chemicals, such as ethyl methanesulfonate (EMS) modify bases in 
the DNA to cause mainly single base substitutions (point mutations); while P 
elements generate mutations by inserting directly into the genome (Martin et al., 
2001).   
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    P-element insertional mutagenesis and other transposable elements 
P elements are Drosophila transposable elements that have been used as tools 
for insertion mutagenesis and for germline transformation.  They can be randomly 
“jumped around” in the genome to produce mutants with insertions at different loci.   
We can integrate a p-element vector carrying a specific sequence of interest into the 
genome via microinjection into pre-blastoderm embryos.  The gene of interest is 
placed between two P-element ends (5’ and 3’), and injected in the presence of 
transposase.  The P-element then transposes from the plasmid to a random 
chromosomal site (Ashburner 1989, Spradling 1986).  Typically, 10-20% of the 
fertile injected flies produce transformant progeny.  
The main advantage of P elements is that the mutated gene is easily 
identifiable through the use of PCR analysis using primers designed against the 
inserted P element.  P elements can also be induced to jump back out of DNA, often 
bringing surrounding DNA sequences with it, resulting in an "imprecise excision" 
which can remove a gene completely, resulting in a null mutant.  P elements are 
however relatively inefficient mutagens.  They tend to insert with higher efficiency in 
euchromatic regions than in heterochromatic regions (Berg and Spradling 1991, 
Engels 1989), and within genes there is a preference for insertion in the non-coding 
upstream sequences (Kelley et al. 1987).      
The Berkeley Drosophila Genome Project (BDGP) tagged well over 5,000 P 
element insertions by the year 2004.  In the same year, the drug company Exelixis 
published its own collection of more than 5,000 Drosophila gene disruptions, making 
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use of a different transposable element called piggyBac (derived from a moth).  Many 
of the hits overlapped, but there were enough new genes targeted to increase the total 
number of transgenic lines to over 50 percent of the approximately 14,000 genes in 
the fly genome. PiggyBac works slightly differently than P elements in that it has 
different site specificity.  While-P elements usually insert themselves in control 
regions (i.e. promoter region) near the beginning of a gene’s coding region, piggyBac 
often inserts itself in the coding region of genes by seeking out specific short 
sequences of bases.  PiggyBac cannot be jumped out of the genome to induce 
“imprecise excision”; however, other features of piggyBac elements can be utilized to 
create a null mutant.  Other transposable elements such as Minos and P[acman] 
(Venken et al., 2006) have been utilized to insert into genes which have not been 
targeted by the P-element or PiggyBac systems.  
 
    FLP Recombination Target (FRT) site-specific recombination 
The piggyBac transposon contains an Flp-recombination target (FRT) site, 
which allows for homologous recombination via heatshock (Golic and Lindquist 
1989).  If two piggyBac insertions are found within the same gene, (among two 
independent transgenic fly lines), they can be induced by heatshock to recombine, 
thereby deleting a portion of the gene and possibly resulting in a null allele (Di 
Stefano et al., 2007).  There is the limitation however, that if there are not two 
insertions at appropriate positions within the coding region of a gene, then two 
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transgenic lines cannot be crossed, and homologous recombination cannot be 
induced.  
     
P-element vectors for transgene expression and Enhancer Trapping 
 Hypermorphic or other types of gain-of-function mutations can be the result 
of artificially overexpressing a particular gene via fusion of the gene to a specific 
promoter in a p-element vector (Serano et al. 1994).  One common method used to 
over-express a gene of choice is the binary GAL4-UAS system (Brand and Perrimon, 
1993).  In this system, the yeast transcription factor (promotional activator) GAL4 is 
the reporter gene and the second element is its cis-acting element, Upstream 
Activating Sequence (UAS).  UAS promoter (GAL4 binding sites) is activated in a 
vector carrying the gene of interest, thereby inducing transcription of the gene.  The 
gene of interest is activated only in cells where GAL4 is expressed, so the expression 
of the gene depends on the insertion site of the GAL4 p-element.  GAL4 flies are 
created as mentioned previously for P-element insertions, with the GAL4 p-element 
vector containing its own weak promoter resulting in transgenic flies containing 
single insertions of the “enhancer trap” element.  Tissue-specific expression of GAL4 
depends on where the GAL4 p-element inserts (e.g. next to a specific enhancer) 
(O'Kane and Gehring, 1987).  
  
Drosophila techniques and the Investigation of Human Diseases 
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 The methods described above have been well utilized by scientists to alter 
gene expression in Drosophila and study various gene functions.  For example, many 
neurodegenerative diseases have been modeled in Drosophila, taking advantage of 
the fact that the Drosophila nervous system is composed of several specialized cell 
types utilizing all the major classes of ion channels, receptors, and neurotransmitters 
found in humans.  In addition to the nervous system, developmental gene functions 
have also been identified in flies before they were consequently identified in humans 
and other mammals.      
 
    Homeobox Genes 
 One of the earlier pieces of evidence that Drosophila is a good model system 
for studying human diseases or disorders was the identification of homeotic 
selector/homeobox/Hox genes.  The genes were identified through the generation of 
spontaneous mutations in a forward genetics approach.  The antennapedia mutation 
resulted in legs taking the place of the Drosophila antennae; the bithorax mutation 
resulted in the haltere transforming into part of the wing.  The antennapedia and 
bithorax complexes were found to contain homeobox gene clusters (respectively, 
Ubx, Abd-A, and Abd-B; and Lab, Pb, Dfd, Scr, and Antp) that regulate development 
of specific structures within particular segments of the fly (Lappin et al., 2005 and 
Lewis, 1978).  Three mutations in cis regulators of the Ubx gene transform the third 
thoracic segment of the fly into an additional second thoracic segment, resulting in 
the formation of two pairs of wings instead of one.  It was after mutations and 
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subsequently Hox genes identifications that Hox genes were identified in many other 
organisms, including humans.   
 Hox genes function in regulating the patterning of the antero-posterior axis in 
a metazoan (Drosophila) embryo and in patterning the body axes in many organisms, 
including humans. They provide the identity of particular regions of the body and 
determine where limbs and other body segments will grow in a developing fetus or 
larva.  The Hox gene clusters are evolutionarily conserved in respect to their 
nucleotide sequences and colinear expression from Drosophila to mammals 
(including mouse and human) (Figure 2).  The genes are expressed in a pattern that 
correlates with chromosomal positioning during embryonic development.   
 As previously mentioned, the Drosophila nervous system is highly analogous 
to the human nervous system in its cellular properties, in that they both contain 
several of the same neurotransmitters, ion channels, and receptors.  Parallels between 
Drosophila and human nervous systems have lead to pharmacological treatments of 
neurodegenerative disorders and the identification of specific genes involved in 
neurogenesis. 
 
    Parkinson/Parkinson’s Disease 
Parkinson disease, a common neurodegenerative disorder, can result from 
particular genetic mutations and/or environmental factors.  Characteristic phenotypes 
of the disease are the appearance of filamentous Lewy bodies and Lewy neurites, and 
the selective loss of dopaminergic cells in the substantia nigra (Feany and Bender, 
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200 and Sang et al., 2007).  α -synuclein and parkin mutations and the 
pharmacological agent rotenone have been found to affect Parkinson patients and 
have been studied in Drosophila.  The α-synuclein and parkin Drosophila models of 
Parkinson disease have been created by stably overexpressing the genes in vivo using 
a p-element vector.  Characteristic phenotypes found in the brains of human patients 
were also found in the transgenic flies.   The flies also recapitulated a locomotor 
impairment phenotype found in human patients.  This indicates that flies are affected 
by the same mutations occurring in humans in a similar manner and that they are a 
good model system to study the molecular effects behind the disease.  Similar 
occurrences were found in a mouse, mammalian model.  The drug rotenone was also 
shown to cause Drosophila to recapitulate human Parkinson Disease phenotypes.    
These phenotypes were reduced in severity after treatment with the drug L-Dopa.  
This shows another parallel between the fly model and the human disease.  
Drosophila is thus a good model for initial tests of pharmacological compounds.  In 
fact, several neuroprotective genes and compounds have been identified using 
Drosophila as a model (reviewed in Celotto and Palladino, 2005).  
 
    Spinal Muscular Atrophy  
 The EMS chemical compound can modify bases in DNA to cause primarily 
point mutations (Martin et al., 2001).  EMS was used to generate a library of 
transgenic Drosophila and a survival motor neuron (SMN) mutant was found.  The 
mutation was a point mutation in the coding region of smn, which resulted in a 
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missense mutation.  Autosomal recessive spinal muscular atrophy (SMA) is the most 
common genetic cause of infant mortality.  A characteristic trait of the disease is the 
loss of motor neurons, which is associated with paralysis and atrophy.  These traits 
are directly caused by a decrease in SMN activity (Lefebvre et al., 1995).  The 
severity of disease is increased with lower levels of SMN activity (Lefebvre et al, 
1997). Studies in some model organisms have shown that loss-of-function of SMN 
leads to embryonic lethality (e.g. loss of single SMN gene in mouse leads to early 
embryonic death (Schrank et al., 1997)).     The advantage of using Drosophila as a 
model system to study this disease is that the zygotic mutant embryos are able to 
survive due to maternal wild-type smn activity.  The delayed lethality phenotype 
allows for studying the effects of smn decreased activity in the Drosophila 
neuromuscular system.  This suggests Drosophila may be a good model of choice for 
other diseases associated with early lethality.  Motor defects in smn mutants are seen 
in larvae and can be rescued by providing smn activity in both the muscles and the 
neurons (Chan et al., 2003).  These defects are associated with defects at the 
neuromuscular junction (NMJ).  The Drosophila model of SMA allows for the study 
of effects caused by a reduction in smn activity.  This will allow greater insight into 
mechanisms underlying the human disease.  
We utilized the UAS-GAL4 system to study our genes of interest, ELP3 and 
TIP60, while utilizing p-element insertional mutagenesis and subsequent precise 
excision of the p-element to study the HDM Kdm4A.  As shown in the SMN example 
above, the Drosophila NMJ can be used as a model system in which to study motor 
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neuron defects.  ELP3, my main focus of study was found to be involved in mediating 
synaptic bouton number, which suggests a role for ELP3 in modulating synaptic 
plasticity. 
 
Synaptic Plasticity  
Synaptic plasticity refers to the modification of the strength of synapses.  In 
neurobiology, the strength of chemical synapses can be altered through various means 
including: modifying the strength or efficiency of neurotransmission at preexisting 
synapses, modifying the excitability properties of individual neurons, and modifying 
the growth of synapses through expansion and retraction (Colon-Ramos 2009). 
 The first evidence of the existence of synapses came in the 19th century. 
Santiago Ramón y Cajal shared the Nobel Prize in Physiology or Medicine in 1906 
with Camillo Golgi in recognition of their work on the structure of the nervous 
system. Ramón y Cajal refined and utilized a staining technique created by Golgi to 
image synapses of the central nervous system.  Through the work of Ramón y Cajal 
and others, it was determined that synapses do exist and the nervous system is not a 
continuous meshwork of nerves. Synapses in the central nervous system are small, 
very densely packed, and difficult to visualize without modern techniques (i.e. 
electron microscopy).  Due to difficulties in visualization, scientists in the nineteenth 
century relied on the neuromuscular junction (NMJ) to successfully visualize and 
study synapses.   In particular, physiologist Willy Kühne and anatomist Wilhelm 
Krause each independently hypothesized that synapses exist at the contact site 
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between nerve cells and muscles.  The existence of synapses between neurons was 
confirmed in the 1950’s through the use of electron microscopy (Westfall 1996; 
Cowan and Kandel 2001; Colon-Ramos 2009).  Today, vertebrate and invertebrate 
synapses are utilized for various neurobiological studies.  The Drosophila NMJ has 
been shown to possess many of the same properties as vertebrate synapses, and hence 
is used as a model system to investigate mechanisms underlying the formation and 
flexibility of synapses (Budnik 1996).   
 
The Drosophila Larval Neuromuscular Junction (NMJ) 
Utilization of the Drosophila NMJ as a model system was spearheaded by Jan 
and Jan et al. in the mid- to late- 1970s (Jan and Jan 1976; Jan, Jan et al. 1977; Jan 
and Jan 1978).  Jan and Jan described basic physiological and pharmacological 
properties of the NMJ, while another group, Ganetzky and Wu investigated synaptic 
transmission and ion channel properties at the NMJ through ion channel mutations 
(Ganetzky and Wu 1982; Ganetzky and Wu 1982; Ganetzky and Wu 1983). The 
Drosophila NMJ model is still widely in use today for neurobiological studies.  The 
development and functions of Drosophila synapses are remarkably similar to those of 
vertebrates in their molecular and genetic mechanisms of development and 
transmission. In fact, many synaptic proteins have been identified at the Drosophila 
NMJ that are highly homologous to previously identified vertebrate synaptic proteins, 
including synaptotagmin, syntaxin, synaptobrevin, and Wnt/Wingless (Broadie and 
Bate 1993; Salinas 2005).  The Drosophila larval NMJ is a well characterized, highly 
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tractable/easily malleable, and widely used model system in developmental and 
neurobiology.  It is relatively simple, easily accessible, and has large, easily 
identifiable muscles with well-defined synapses (Ruiz-Canada and Budnik 2006).  
Each abdominal hemisegment contains a repeat of thirty skeletal, supercontractile 
muscle fibers (sixty muscles per segment), identifiable by their positions and insertion 
sites in the larval cuticle.  Thirty motoneurons per central nervous system (CNS) 
hemisegment innervate the larval body wall muscles of each abdominal segment.  
The motoneurons are located in the ventral ganglion of the CNS, from where they 
extend axons through the segmentally repeated bilateral segmental nerves (SN) and 
midline transverse nerves (TN).  Each motoneuron axon innervates specific muscles 
with a very high degree of accuracy according to several cues that are not completely 
clear (Keshishian and Chiba 1993; Keshishian, Chiba et al. 1993).  Most muscle 
fibers are innervated by at least two motoneurons, with the exception of muscle 4, 
which is innervated by only one motoneuron. There are three types of motoneurons at 
the larval NMJ: Type-I big (type-Ib) and Type-I small (type-Is), type-II, and type-III.   
Type-Ib and type-Is motoneurons release primarily glutamate, which is the main 
excitatory transmitter at the NMJ (Jan and Jan 1976).  Type-II and type-III also 
contain glutamate-filled vesicles, but in addition carry the biogenic amine octopamine 
(found only in type-II motoneurons) and a variety of other peptides (Cantera and 
Nassel 1992; Monastirioti, Gorczyca et al. 1995).  Type-II, octopamine-containing 
motoneurons innervate 24 of the 30 body wall muscles, while peptide containing 
motoneurons are far more restricted in their muscle innervation.  Many different 
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peptides are presumed to exist in specific motoneurons, but only a few have been 
well-characterized to date, including Insulin (Belgacem and Martin 2006) and 
Wingless/Wnt (Packard, Koo et al. 2002).  Type-Is and type-Ib motoneurons are of 
the most abundant class and these two types are found at muscles 6 and 7.  
The Drosophila larval NMJ is used to study various aspects of synapse 
development, plasticity, and physiology including: axonal transport, cell adhesion, 
synaptic transport and activity, muscle development, synaptic cytoskeleton, protein 
synthesis at the synapse, ion channel function, and functional and structural synaptic 
plasticity (Ruiz-Canada and Budnik 2006).  Interestingly, dunce (dnc) and rutabaga 
(rut) mutants, which were initially identified as learning and memory mutants, have 
been found to respectively increase and decrease arborization at the Drosophila NMJ 
in both the number of synaptic branches and synaptic boutons.  Dnc mutants reduce 
or eliminate phosphodiesterase II activity causing elevated cAMP and an increase in 
NMJ arborization while rut mutants reduce cAMP concentration and suppress the 
increased arborization (Zhong and Wu 1991; Zhong, Budnik et al. 1992).  Since these 
mutations were initially identified as learning and memory mutants, it can be 
suggested that higher brain function is conserved at all synapses and can be 
successfully modeled using the Drosophila NMJ.  
 
Synaptic Plasticity and Learning and Memory 
 The larval NMJ in Drosophila can be used as a model to study functions of 
analogous proteins in the mammalian brain.  Both contain the property of plasticity in 
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terms of changes in neural circuitry, and in the mammalian brain these changes can 
result in modified thoughts, behaviors, and feelings.  Changes in the brain can be long 
term last days, weeks, or months or short term, lasting seconds or minutes.  The 
plasticity of neuronal circuits is thought to facilitate the stabilization and storage of 
memories through synaptic strengthening.  The most widely studied form of synaptic 
strengthening is known as long-term potentiation (LTP), defined as a persistent 
increase in synaptic strength following high-frequency stimulation of a chemical 
synapse.  LTP was first discovered in the brain’s hippocampus, which is known to be 
involved in the formation of many types of memory (Bliss and Gardner-Medwin 
1973).  LTP enhances synaptic transmission and synaptic strength and it is therefore 
widely accepted to be a major component of learning and memory formation (Bruel-
Jungerman, Davis et al. 2007).  Though it is widely accepted that LTP plays a role in 
memory formation, other forms of plasticity exist including long-term depression 
(LTD), considered the opposite of LTP, synaptogenesis, and neurogenesis.  Whereas 
it was previously thought that memories are stably stored, it is now being shown that 
the storage of memories is dynamically regulated through plastic processes.  Other 
than the well-studied processes of LTP and LTD, synaptogenesis, or the growth of 
existing synapses, and neurogenesis, or the creation and growth of new neurons, are 
two processes that are thought to dynamically regulate learning and the storage of 
memories. 
 Synaptic plasticity had long been thought to occur only during early 
development, with the belief being that plasticity is lost by the time of adulthood.  
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However, recent evidence suggests that epigenetic mechanisms may be able to 
control plasticity in adult neurons.   
 
Synaptic Plasticity and Epigenetics  
 The term epigenetics refers to heritable changes in gene expression without 
alterations in DNA sequence.  Epigenetics, as synaptogenesis, is considered a plastic 
process.  Epigenetic heritable changes can exist in the form of chromatin 
modifications, such as histone acetylation and histone deacetylation.  Epigenetic 
mechanisms are important for the formation and storage of cellular information. They 
can cause lasting cellular changes and play a role in memory formation in developing 
organisms, before adulthood. There is a critical window of opportunity in developing 
mammals during pre- and post-natal development in which rapid neuronal changes 
occur for the surrounding environment to influence long-term effects on the brain and 
behavior. Recently however, evidence has emerged supporting a role for epigenetics 
in controlling neuronal plasticity beyond the pre- and post-natal periods and into 
adulthood.  Lasting epigenetic cellular changes that influence the storage of cellular 
information, and the formation of behavioral memories in the adult CNS are both 
caused by transient signals, and it is therefore widely believed that the two processes 
are analogous, such that they are dynamic not only during development, but can also 
be changed also during adulthood.  Because there is constant turnover of neurons it 
may be difficult to imagine how neurons maintain their identity through turnover; 
however one must keep in mind that the genome is constant and chromatin can act as 
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a stable substrate upon which to encode long lasting cellular memories and long-term 
memory storage is influenced by stable, epigenetic marking of the genome during 
development (Levenson and Sweatt 2006).  Examples supporting a role for 
epigenetics in neuroplasticity beyond the pre- and post-natal periods follow.  In a 
mouse model that allows spatially and temporally restricted induction of neuronal 
loss, it was shown that environmental enrichment rescued learning behavior and 
concurrently resulted in increased histone acetylation in hippocampus.  Increased 
histone acetylation caused by the use of HDAC inhibitors in the same model also 
resulted in improved spatial memory (Fischer, Sananbenesi et al. 2007).  In adult rats 
contextual fear memory has been shown to be influenced by chromatin modifications.  
Pharmacological treatment with the DNA methyltransferase inhibitor zebularine 
resulted in the blocking of memory formations, while treatment with the HDAC 
inhibitor sodium butyrate enhanced the formation of contextual fear memories 
(Levenson, Roth et al. 2006; Lubin, Roth et al. 2008).  Most recently, a study showed 
that overexpression of HDAC2 in mice results in reduced synaptic plasticity and 
memory formation, suggesting that HDAC2 negatively regulates learning and 
memory.  Taken together, recent data supports a role for epigenetics via chromatin 
modifications in the control of synaptic plasticity in adulthood.   
 Following induction of ELP3/RNAi in the fly nervous system, we observed 
that the flies displayed a hyperactive phenotype.  This prompted us to carry out 
behavioral assays, which confirmed hyperactivity, and subsequently test transcript 
levels of putative ELP3 target genes, which were determined according to the 
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phenotypes observed.   Details of these genes follow.   
 
Sleepless, Shaker, and Sleep 
The gene sleepless (sss) was identified by Koh et al. (2008) in a large-scale 
unbiased genetic screen for sleep mutants in Drosophila.  Sleepless is a glycosyl-
phosphatidylinositol (GPI)-anchored membrane protein that is highly enriched in the 
brain.  Quiver (qvr) is a mutation that causes impaired shaker (Sh)-dependent 
potassium (K+) current and it is an important regulator of the Sh K+ channel that acts 
as a signaling molecule connecting sleep drive to lowered membrane excitability.  It 
presumably enhances K+ channel activity thereby reducing neuronal excitability and 
allowing sleep.  Qvr is an allele of sss and sss mutants have reduced levels of the Sh 
protein (Koh, Joiner et al. 2008).   
The Shaker (Sh) gene was the first ion (K+) channel gene to be cloned in 
Drosophila, which led to the identification of a family of homologous channels in 
vertebrates known as the voltage sensitive superfamily (Tempel, Papazian et al. 
1987).  Ion channels are integral membrane proteins that form aqueous pores in the 
cell’s plasma membrane, a phospholipid bilayer, through which ions can flow.  The 
Shaker gene encodes a single alpha subunit of four subunits that span the cell 
membrane and make up the Shaker channel, which forms an aqueous pore through 
the cell membrane.  Each alpha-subunit consists of six highly conserved 
transmembrane-spanning segments (S1-S6) and an intracellular N- and C-terminus. 
The linking region between S5 and S6 contributes to formation of the aqueous pore or 
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channel through which ions can flow (Jan and Jan 1997). 
Shaker gene mutations result in non-functional K+ ion channels with 
weakened conductance, leading to prolonged action potentials and repetitive neuronal 
firing (Rehm and Tempel 1991).  A common phenotypic aberration of Shaker 
mutants is the occurrence of ether-induced leg shaking.  Thirty-six classical Shaker 
mutants have been described in Drosophila and the phenotypic alleles are available 
for review on FlyBase (FlyBase 2009). As previously mentioned, Drosophila is an 
important model system in deciphering human disease, with over 75% of genes 
associated with disease in Drosophila having a human ortholog (Reiter, Potocki et al. 
2001; Chien, Reiter et al. 2002).  The human homolog of the Shaker mutation in 
Drosophila is Episodic Ataxia Type-1 (EA-1), a rare autosomal dominant, 
neurological disorder resulting in ataxia/uncoordinated movements lasting from 
seconds to hours.  The gene responsible for EA-1 has been identified as the Shaker-
related Kv1.1 gene through genetic linkage studies, uncovering seven different point 
mutations in Kv1.1, four of which are identical to Shaker mutations in Drosophila 
(Browne, Gancher et al. 1994; Browne, Brunt et al. 1995; Comu, Giuliani et al. 
1996).  
Recently, it has been shown that Shaker mutants have reduced sleep.  
Minisleep, a Shaker allele was identified through an ethylmethane sulphonate (EMS)-
mutagenesis screen for flies that sleep less than wild type amounts.  Minisleep mutant 
flies contain a point mutation in a conserved central region of the Shaker gene and 
they sleep one-third less than wild-type flies.  Other Shaker alleles were also found to 
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sleep less in the absence of modifiers (e.g. the outcrossed hypomorphic allele, Sh5).  
Taken together, data shows that dysfunctional Shaker, irrespective of the particular 
mutation, leads to a short-sleeping phenotype, suggesting that voltage-dependent K+ 
channels and the control of neurotransmitter release may regulate sleep (Cirelli, 
Bushey et al. 2005).    
 
    Heat Shock Protein Cognate 3 
The 78kDa heat shock protein cognate 3 (HSC70-3)/binding immunoglobulin 
protein (BiP) is the Drosophila human homolog of the glucose-regulated protein 78 
(GRP78)/heat shock 70kDa protein 5 (HSPA5).  It is an endoplasmic reticulum (ER) 
stress response gene that is upregulated in the unfolded protein response (UPR).  The 
UPR is a stress-related response related to the ER that is evolutionarily conserved 
from yeast to mammals (Gething and Sambrook 1992; Harding, Zhang et al. 1999; 
Shen, Ellis et al. 2001).  It is activated in response to the accumulation of misfolded 
or unfolded proteins in the lumen of the ER (Naidoo 2009).  If accumulation of 
misfolded/unfolded proteins occurs, the UPR responds by halting protein translation 
via interaction with ATP and activating signaling pathways to induce protein folding 
by molecular chaperones, or, when this fails, by inducing apoptosis. 
 Recently, a role for BiP in the regulation of sleep in Drosophila has been 
uncovered.  It was shown that altering levels of BiP does affect recovery sleep, but 
not normal sleep.  Short-term sleep deprivation (SD) of flies results in increased BiP 
protein levels in the head and brain that return to normal levels after recovery sleep.  
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BiP is also upregulated in awake flies and sleep deprived rats (Shaw, Cirelli et al. 
2000; Naidoo, Casiano et al. 2007).  Additionally, the heat shock proteins Hsp83, 
Hsp70, and Hsc70-3/BiP, protect against the lethal effects of sleep deprivation, 
through as of yet unknown mechanisms.  Cycle mutants (cyc01) begin to die after 10 
hours of sleep deprivation, while wild type (CantonS) flies begin to die after 60-70 
hours of sleep deprivation.  The cyc01 flies show an increased need for sleep after 
sleep deprivation, as the longer they are sleep deprived, the more recovery sleep they 
take.   Increased stress, such as heat elevation or sleep deprivation should induce the 
expression of stress response genes.  In cyc01 flies, expression of the stress response 
genes Hsp83, Hsp70, and Hsc70-3/BiP are increased when the flies are exposed to 
elevated temperatures; however, when cyc01 flies are sleep deprived, these stress 
response genes are downregulated.  Sleep-deprived cyc01 flies that were first exposed 
to heat for 3 hours to induce expression of stress protection genes before sleep 
deprivation had much lower mortality rates than those that were sleep deprived only 
(Shaw, Tononi et al. 2002).  This highlights the importance of stress response genes, 
such as Hsc70-3/BiP in the protection against lethal effects of sleep deprivation in 
flies. 
 
Synaptobrevin 
 Synaptobrevin (SYB) is a vesicle-associated membrane protein (VAMP) that 
resides on exocytotic vesicles and mediates their fusion with the plasma membrane 
and is required for neurotransmitter release and cell viability in Drosophila.  
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Membrane fusion is Ca2+-dependent and involves the docking of synaptic vesicles at 
the presynaptic membrane to release neurotransmitter from the synaptic vesicles into 
the synaptic cleft.  The fusion and secretion processes involve several proteins and 
components.  The fusion protein N-ethylmaleimide-sensitive fusion protein (NSF) 
and soluble attachment proteins (SNAPs), the vesicular membrane SNAP receptors 
(SNARES) Syb/Vamp and synaptotagmin termed v-SNAREs, and the two target 
SNARES (t-SNARES) syntaxin and Snap25 that are present on the presynaptic 
membrane all act to mediate membrane fusion (Sollner, Whiteheart et al. 1993; 
Bhattacharya, Stewart et al. 2002), though the exact mechanisms underlying targeted 
membrane fusion and neurotransmitter release are not fully understood. Interestingly, 
syb has been identified as a target gene of the behavioral disorder attention deficit 
hyperactivity (ADHD) (Davids, Zhang et al. 2003; Brookes, Knight et al. 2005; 
Wallis, Russell et al. 2008).  Two Syb genes are present in Drosophila, syb and 
neuronal syb (n-syb).  Syb is required for cell viability, while n-syb is required for 
normal synaptic transmission.  However, synaptic transmission defects in n-syb 
mutants can be rescued by expression of syb and syb therefore cannot be ruled out as 
a mediator of synaptic transmission (Bhattacharya, Stewart et al. 2002).  
 Upon observation that flies with depleted ELP3 in the nervous system 
appeared to be hyperactive, we decided to explore a role for ELP3 in synaptic 
plasticity, with the hypothesis that increased activity may be due to an increase in the 
number of synapses formed and hence an increase in the amount of neurotransmitters 
released at the synapse.  As a preliminary study, we chose to stain for cysteine string 
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protein (Csp) at the Drosophila neuromuscular junction (NMJ) to determine if there 
was in fact an increased number of synapses and whether this protein, which is 
required for the release of neurotransmitters, is present in the presynaptic vesicles. 
 
Cysteine String Protein 
 Cysteine string proteins (CSPs) are cysteine-rich proteins that belong to the 
DnaJ family of molecular chaperones.  Csp is a 34kDa synaptic vesicle protein that 
was first identified in Drosophila and subsequently in Xenopus (Mastrogiacomo, 
Kornblum et al. 1998), C. elegans, and mammals.  It has four domains: an N-
terminal, 70 amino acid “J” domain, a central cysteine “string” region, a linker 
region, and a less conserved C-terminal region.  The J domain is homologous to a 
region of the bacterial DnaJ protein. Eukaryotic genes in the DnaJ family provide 
instructions to make proteins that play roles in various cellular functions including 
protein transport, proper protein folding, and stress response (Walsh, Bursac et al. 
2004).  DnaJ proteins are known as co-chaperones, because their main function is to 
aid chaperones such as Hsc70 in protein folding (Braun, Wilbanks et al. 1996).  The 
highly palmitoylated so-called “string” region contains a large number of cysteine 
residues and may be important for membrane targeting (Mastrogiacomo, Kohan et al. 
1998).  The J domain and cysteine-string region are connected by the linker region, 
which is not well characterized, but its evolutionarily conserved.  In contrast to the 
other three regions, the C-terminal region is not evolutionarily conserved and 
alternative splicing in this region yields different isoforms in Drosophila and 
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mammals (Chamberlain and Burgoyne 2000).  It has been shown that loss of Csp 
results in lethality and defective Ca2+-induced presynaptic neurotransmitter release 
(Umbach, Zinsmaier et al. 1994; Zinsmaier, Eberle et al. 1994; Ranjan, Bronk et al. 
1998).  Csp has more recently been shown to directly stimulate exocytosis 
(Chamberlain and Burgoyne 2000).   Both csp and Hsc70-4 were shown to regulate 
exocytosis, and it is thought that they may contribute to the stabilizing or refolding of 
partially unfolded synaptic protein(s). 
 
Conclusions  
The study of epigenetics has led to the identification of various genes and 
pathways involved in specific neurological and other developmental processes.  
Using a reverse genetics approach, we investigated phenotypic developmental effects 
of downregulation of specific chromatin regulators, namely the HATs ELP3 and 
TIP60 and the HDM Kdm4A.  Using genetic techniques such as the UAS-GAL4 
system and p-element transposition, we specifically downregulated chromatin 
regulators and found that they play important roles in neurogenesis and behavior.  
According to the phenotypes observed in ELP3 mutants and TIP60 mutants, we were 
able to study the effects of chromatin regulators on synaptic plasticity using the 
Drosophila neuromuscular junction as a model.  Different HATs are involved in 
various neuronal disorders, and it is therefore plausible to suggest that they may be 
involved not only in neurogenesis, but specifically in synaptogenesis.  Additionally, it 
has been shown that inhibition of HDAC2 increases histone acetylation and enhances 
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memory and synaptic plasticity (Vecsey, Hawk et al. 2007; Guan, Haggarty et al. 
2009), showing that the alterations in histone acetylation can result in the modulation 
of synaptic plasticity, suggesting that specific HAT reduction can yield changes in the 
strength of synapses.   
We show that reduction of Dmel\ELP3 in the Drosophila nervous system 
results in nervous system defects, including hyperactivity, a decrease of sleep, and an 
increase in bouton formation and arbor size.  Importantly, sleep deprivation in 
Drosophila has been shown to overstimulate synapses, resulting in an increase in the 
expression of synaptic proteins such as cysteine string protein (Csp) (Gilestro, Tononi 
et al. 2009), while Hsc70-3 expression protects against lethal effects of sleep 
deprivation (Shaw, Cirelli et al. 2000; Shaw, Tononi et al. 2002; Naidoo, Casiano et 
al. 2007).  We show that Csp is present in all boutons, suggesting that there may be an 
increase in the amount of neurotransmitter release; and HSC70-3 expression is 
increased, suggesting a mechanism for preventing early lethality due to decreased 
sleep.   
We also look at the role of another HAT, TIP60 in synaptic plasticity.  Results 
for TIP60 show that there may be HAT specific effects on synaptic plasticity, as 
ELP3 reduction in the fly nervous system results in an overall increase of synaptic 
boutons, while TIP60 HAT reduction results in the formation of satellite boutons.  
Our combined results support important roles for chromatin regulators in neurological 
processes and the unique fly lines we created can be utilized in future studies to 
elucidate biological pathways underlying neural and synaptic plasticity. 
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Summary of Proceeding Chapters 
Epigenetic regulation of developmental gene control has been postulated to 
promote proper brain development while maintaining the capacity for neuroplasticity, 
allowing for unique learning, memory, behavior, and personality styles of individuals. 
The goal of my thesis work was to investigate the role of the key chromatin regulator 
ELP3 during development, with an emphasis on its role in nervous system 
development, neuroplasticity, and behavior, utilizing novel techniques in the 
Drosophila model system. Additionally, I extended these studies to initiate the 
investigation of  the role of another HAT, TIP60, in these processes.  Finally, I 
carried out a behavioral characterization of Drosophila carrying a disruption in the 
histone demethylase Kdm4A gene. 
 
Dmel\TIP60 – Chapter 2 
This chapter comprises work that was published in Genetics (Zhu, Singh et al. 
2007) with myself as second author.  Dr. Elefant's lab focuses on deciphering the 
roles of different chromatin regulators in development and nervous system function. 
 TIP60 is a MYST family key histone acetyltransferase that plays essential roles in 
diverse chromatin-mediated biological processes including gene regulation, 
apoptosis, cell-cycle regulation, and DNA recombination and repair. To assess the 
specific roles of TIP60 during development, our lab has created a fully characterized 
GAL4 inducible Dmel\TIP60/RNAi knockdown system in the fly.  Using this system, 
we demonstrated that Dmel\TIP60 is essential for multicellular development.  During 
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the same time, I cloned the Drosophila human homolog of the ELP3 HAT (Zhu, 
Singh et al. 2007).  Recently, we have used this system to demonstrate that specific 
TIP60 reduction in the fly brain and central nervous system (CNS) results in lethality, 
with a significant loss of differentiated neurons in the fly CNS, supporting an 
essential role for TIP60 in neurogenesis during CNS development (unpublished data). 
Based on our observations that specific reduction of either ELP3 or TIP60 in 
the fly nervous system leads to severe developmental and behavioral defects, we 
hypothesized that these HATs may play an important role in synaptic plasticity.  I 
have shown that downregulation of Dmel\ELP3 results in an increase in synaptic 
bouton formation, while inhibition of Dmel\TIP60 via RNAi and dominant negative 
HAT defective Tip60 production results in the formation of a satellite boutons. 
 Satellite boutons were not observed in TIP60 overexpressing flies, but opposite 
effects in bouton number were observed.  My preliminary data for TIP60 and its role 
in bouton formation is currently serving as a starting point for a new PhD student in 
Dr. Elefant's lab to continue as her own project.    
 
    Dmel\ELP3 – Chapter 3 
This chapter comprises work that is currently being submitted to the Journal 
of Neuroscience with myself as sole first author.  ELP3 is a GNAT family histone 
acetyltransferase (HAT) that is the catalytic subunit of the Elongator complex and it 
is involved in various processes including: a highly characterized nuclear role in 
transcriptional elongation; and the cytoplasmic roles of exocytosis, tRNA 
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modification, and the control of migration and differentiation of cortical neurons via 
α-tubulin acetylation.  It has thus been proposed that ELP3 may harbor multiple 
functions in separate cell compartments. Little was known about the specific roles of 
ELP3 during development when I began my doctoral work, which prompted me to 
investigate its developmental function. To assess ELP3 HAT function during 
Drosophila development, I identified and cloned the human HAT homolog of ELP3 
in Drosophila (Dmel\ELP3) and subsequently utilized microinjection technology to 
create Dmel\ELP3/RNAi transgenic flies that I utilized in the inducible UAS/GAL4-
RNAi knockdown-based system in Drosophila.  Ubiquitous expression of 
Dmel\ELP3/RNAi induced significant down-regulation of ELP3 mRNA levels in the 
fly and resulted in lethality, indicating that ELP3 is required for multicellular 
development.  Importantly, ELP3 misregulation is involved in certain neurological 
disorders including Familial Dysautonomia and Amyotrophic Lateral Sclerosis.  We 
therefore investigated tissue-specific roles of Dmel\ELP3 in the fly nervous system. 
 Through the utilization of the UAS-GAL4 system and the highly tractable 
Drosophila larval NMJ, we have shown that reduction of ELP3 in the nervous system 
results in hyperactive, viable flies that sleep less than control flies and form an 
increased number of synaptic boutons at the larval NMJ.  We have also identified 
three novel target genes through quantitative, real-time RT-PCR involved in sleep, 
stress response, hyperactivity, and synaptic function that are misregulated as a result 
of ELP3 downregulation.  Taken together, our results indicate that Dmel\ELP3 plays 
an active role in synaptic bouton expansion and sleep in Drosophila.  My results 
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support an essential role for ELP3 in nervous system function and my creation of the 
unique Dmel\ELP3/RNAi fly line will serve as a valuable tool to further elucidate the 
role of ELP3 in disorders of the nervous system and lend to therapeutic treatment 
through the utilization of the Drosophila model.   
As Elp3 and Tip60 belong to different HAT families, MYST and GNAT, 
respectively, my final doctoral work yields important insight into HAT specificity in 
the control of synaptic differentiation and neuronal plasticity. 
 
Dmel\Kdm4A –Chapter 4 
This chapter comprises work that was published in Gene (Lorbeck, Singh et 
al. 2009) with myself as shared first author.  In addition to the HATs ELP3 and 
TIP60, we concurrently characterized the histone demethylase Kdm4A in Drosophila 
(Dmel\Kdm4A).  Histone methylation plays an important role in regulating 
chromatin-mediated gene control and epigenetic-based memory systems that direct 
cell fate.  Histone demethylases are enzymes that directly remove methyl marks from 
histones, thus contributing to a dynamically regulated histone methylated genome; 
however, the biological functions of these newly identified enzymes remain unclear. 
 Through the use of a p-element insertion in the Dmel\Kdm4A histone demethylase, 
we precisely excised the p-element insertion and found that the Kdm4A disruption 
caused by p-element insertion results in a twitching phenotype and increased 
longevity for male flies.  Characterization of these flies through twitching and 
longevity assays and real-time RT-PCR of potential target genes shows that a 
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twitching phenotype associated with male-specific sex determination is present, male 
longevity is increased, and genes associated with life span and male-specific sex-
determination are misregulated.  Our results have implications for the role of the 
epigenetic regulator Dmel\Kdm4A in the control of genes involved in life span and 
male-specific sex-determination in the fly. 
 
Future Directions – Chapter 5 
 This chapter contains work that will be submitted to the Journal of 
Neuroscience, when work is completed, with myself, Jessica Sarthi, and Dr. Elefant 
as authors.  In addition to a summary of all of my doctoral thesis work from Chapters 
2-4, I have included my preliminary data for the aforementioned manuscript on the 
role of TIP60 in synaptic plasticity.   
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Chapter 2: 
Dmel\TIP60 is Essential for Multicellular Development and the cloning of 
Dmel\ELP3.  Both HATs are expressed throughout all major stages of 
development in Drosophila. 
 
Abstract 
Chromatin packaging directly influences gene programming as it permits only 
certain portions of the genome to be activated in any given developmental stage, cell, 
and tissue-type.  Histone acetyltransferases (HATs) are a key class of chromatin 
regulatory proteins that mediate such developmental chromatin control, however their 
specific roles during multicellular development remain unclear. Here, we report the 
first isolation and developmental characterization of two Drosophila HAT (dHATs) 
genes that are homologs of human HAT genes TIP60 and ELP3.  We show that 
dTIP60 and dELP3 are each differentially expressed during Drosophila development, 
with transcript levels of both HATs significantly peaking during embryogenesis.  We 
demonstrate that reducing endogenous dTIP60 expression in Drosophila embryonic 
cells by RNAi results in cellular defects and lethality.  Finally, using a GAL4 targeted 
RNAi system in Drosophila, we show that early ubiquitous reduction of dTIP60 
expression results in total lethality during fly development.  Our results suggest a 
mechanism for HAT regulation involving developmental control of HAT expression 
profiles, and show that dTIP60 is required for multicellular development.  
Significantly, our inducible and targeted HAT knockdown system in Drosophila now 
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provides a powerful tool to effectively study the roles of these chromatin mediators in 
specific tissues and cell types during development. 
 
Introduction 
 Metazoans consist of numerous cell types, each carrying out distinct and 
essential roles that contribute to the growth and survival of an organism (Wolffe and 
Dimitrov 1993; Vermaak and Wolffe 1998; Orphanides and Reinberg 2002). 
Differentiation of such specialized cell-lineages is achieved through the establishment 
and maintenance of tightly controlled gene expression profiles distinct for each cell 
type (Wolffe and Dimitrov 1993; Vermaak and Wolffe 1998; Orphanides and 
Reinberg 2002).  Such regulation in eukaryotic cells is determined in large part by the 
differential packaging of genes into chromatin (Vermaak and Wolffe 1998; Winkler, 
Kristjuhan et al. 2002).  The majority of DNA in the eukaryotic nucleus is packaged 
into nucleosomes, consisting of 146 base pairs of DNA wrapped around a histone 
octamer core, containing two subunits each of histones H2A, H2B, H3 and H4.  
Nucleosomes are in turn, further packaged into a highly organized and compact 
chromatin structure through their association with nucleosomal-linking histone H1 
and additional non-histone proteins (Brand and Perrimon 1993; Wolffe and Dimitrov 
1993; Fischle, Wang et al. 2003).  Chromatin compaction generally makes the DNA 
of genes and their regulatory regions inaccessible to the transcriptional machinery and 
co-factor protein binding required for gene activation (Li, Lu et al. 2005).  As the 
genome is largely maintained in this repressive chromatin state, chromatin packaging 
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must be disrupted to accommodate protein factor binding and allow for gene 
activation (Wolffe and Dimitrov 1993; Ikura, Ogryzko et al. 2000; Roth, Denu et al. 
2001; Orphanides and Reinberg 2002).   
Histone modifying enzymes termed histone acetyltransferases (HATs) are 
directly involved in promoting chromatin decondensation, generally resulting in 
positive effects on gene activation (Sterner and Berger 2000; Bottomley 2004).  
HATs enzymatically act to catalyze the transfer of an acetyl group from acetyl-CoA 
to the e-amino group of specific and conserved positively charged lysine residues 
within the N-terminal tails of nucleosomal histones.  This modification weakens 
histone–DNA and neighboring nucleosomal contacts to promote chromatin disruption 
that in turn, facilitates factor binding and transcriptional activation (Sterner and 
Berger 2000; Rollins, Korom et al. 2004).  A second way that HATs regulate gene 
activity is through their distinct substrate preference for specific histone, lysine and 
gene targets, allowing HATs to generate different acetylation patterns within the 
genome (Strahl and Allis 2000; Berger 2001; Berger 2002; Fischle, Wang et al. 2003; 
Hake, Xiao et al. 2004).  Such distinct HAT-generated histone and lysine acetylation 
patterns, as well as additional histone modifications, have been postulated by the 
“histone code hypothesis” to serve as epigenetic marks that control gene expression 
by providing recognition sites for downstream regulatory factors (Nowak and Corces 
2000; Rice and Allis 2001; Fischle, Wang et al. 2003; Bottomley 2004).  Specific 
HATs are also capable of generating specific local or global acetylation patterns 
(Hebbes, Clayton et al. 1994; Elefant, Cooke et al. 2000; Fernandez, Winkler et al. 
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2001; Smith, Allis et al. 2001; Ho, Elefant et al. 2002; Cooke 2004) that influence 
gene expression profiles.  The ability of certain HATs to acetylate non-histone 
regulatory proteins adds an additional layer of complexity to their many functions 
(Sterner and Berger 2000).  Finally, histone acetylation is a reversible process that is 
achieved by histone deacetylase enzymes (HDACs), generally resulting in gene 
silencing (Alland, Muhle et al. 1997).  Thus, histone acetylation directly influences 
gene programming during development as it permits only certain portions of the 
genome to be activated in any given developmental stage, cell, or tissue-type (Wolffe 
and Dimitrov 1993; Patterton and Wolffe 1996).  Understanding how these 
differentially folded chromatin domains are created and maintained in specific cell 
types is of central importance to the study of biological regulation during 
development.  
 Previous reports have shown that Drosophila contains a number of human 
HAT homologs that belong to each of the three major HAT superfamilies: GNAT 
(Smith, Belote et al. 1998), MYST (Grienenberger, Miotto et al. 2002) and 
p300/CREB-binding protein (CBP) (Akimaru, Chen et al. 1997; Ludlam, Taylor et al. 
2002).  Their genetic analysis in Drosophila has provided essential information on the 
role of acetylation in a wide variety of developmental cellular processes.  For 
example, Drosophila CBP loss of function studies have demonstrated that CBP acts 
as a positive activator in several signaling pathways required for early pattern 
formation 1, thus providing insight into CBP HAT function and interacting protein 
partners during development.  Similarly, genetic studies analyzing the MYST family 
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member chameau (Grienenberger, Miotto et al. 2002) in Drosophila has shed light 
into the role of acetylation in DNA replication and cell cycle control.  Additional in 
vivo studies on the Drosophila HAT MOF (Smith, Allis et al. 2001) revealed a 
functional link between acetylation and X chromosome linked gene induction 
required for dosage compensation in Drosophila .  Thus, deciphering the function of 
HATs using the highly characterized Drosophila model setting has proven critical for 
understanding the relationships between HATs, acetylation states, chromatin structure 
and gene regulation during development. 
To gain further understanding into the cell specific roles of HATs and 
acetylation during development, we wished to identify and characterize human HAT 
homologs in Drosophila (dHATs), with the reasoning that we could use such dHATs 
as “tools” to decipher human relevant HAT function in the multicellular Drosophila 
model setting (Chien, Reiter et al. 2002).  We chose to focus our studies on TIP60 
and ELP3, as these HATs are representative of both the MYST and GNAT HAT 
superfamilies, respectively, and  carry out previously described diverse roles essential 
for cellular function.  For example, Tip60 (tat-interactive protein, 60kD) was 
identified as part of a multimeric protein complex (Ikura, Ogryzko et al. 2000)  that 
regulates its activity in many essential cellular processes including apoptosis 
(Ludlam, Taylor et al. 2002; Legube, Linares et al. 2004) DNA repair (Ikura, 
Ogryzko et al. 2000; Bird, Yu et al. 2002; Morrison and Shen 2005) cell cycle 
progression (Clarke, Lowell et al. 1999), developmental cell signaling (Ceol and 
Horvitz 2004), ribosomal gene transcription (Reid, Iyer et al. 2000; Halkidou, Logan 
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et al. 2004) and histone variant exchange during DNA repair (Kusch, Florens et al. 
2004).  Elp3 (Elongator protein 3) was identified as the 60 kDa HAT subunit of the 
Elongator multiprotein complex in humans and yeast (Wittschieben, Otero et al. 
1999; Winkler, Petrakis et al. 2001) and shown to be tightly complexed with RNA 
polymerase II holoenzyme (Wittschieben, Otero et al. 1999; Hawkes, Otero et al. 
2002) supporting a role for Elp3 in transcriptional elongation as well as the creation 
of widespread acetylation patterns required for long range gene activation (Winkler, 
Kristjuhan et al. 2002).  Significantly, Elp3 contains a putative second catalytic 
domain for histone demethylase activity (Chinenov 2002), suggesting a dual 
functional role for this HAT in mediating chromatin structure.   The importance of 
TIP60 and ELP3 in biological regulation is underscored by studies demonstrating 
their involvement in numerous disease states (Hawkes, Otero et al. 2002; Grank 2003; 
Halkidou, Gnanapragasam et al. 2003; Kim, Kim et al. 2003; Nordentoft and 
Jorgensen 2003; Patel, Du et al. 2004; Close, Hawkes et al. 2006).   However, despite 
their importance in many essential cell processes, both HATs have yet to be studied 
extensively in a multicellular in vivo model setting, and thus their developmental, 
tissue, and cell type specific roles remain to be explored.    
In the present study, we report the first isolation and developmental 
characterization of two Drosophila HAT (dHAT) genes that are homologs of human 
HAT genes TIP60 and ELP3.  We show that the proteins these genes encode share 
high conservation with human Tip60 and Elp3 HATs as well as their homologs from 
a diverse group of organisms.   Additionally, we present evidence demonstrating that 
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these dHATs are differentially expressed throughout Drosophila development, with 
expression levels of both HATs significantly peaking during embryogenesis.  Using 
RNAi, we show that reducing endogenous dTIP60 expression in a Drosophila 
embryonic cell line results in cellular defects and lethality.  Finally, we confirm this 
detrimental in vitro effect in vivo by using an inducible GAL4 targeted RNAi system 
in Drosophila, and demonstrating that early ubiquitous reduction of dTIP60 
expression results in total lethality of developing flies.  Our results suggest a potential 
mechanism underlying HAT regulation involving developmental control of HAT 
expression profiles, and demonstrate an essential role for dTIP60 during multicellular 
development.  Importantly, our newly characterized inducible and targeted HAT 
knockdown system in Drosophila now provides a powerful approach for us to further 
elucidate in vivo, the distinct chromatin mediating roles of these newly characterized 
Drosophila HATs in specific tissues, cell types and stages of development.  
 
Materials and Methods 
Identification of D. melanogaster histone acetyltransferases, isolation of cDNA 
clones and DNA sequencing.  BLAST searches were carried out using the BLAST 
algorithm at both FLYBASE 24 and NCBI with sequences corresponding to either 
hTIP60 (NM_182710) or hELP3 (NM_018091).  Two Drosophila EST clones were 
identified that displayed high homology to hTIP60 (CG6121 but while this work was 
in progress, changed to dTIP60) and hELP3 (CG15433).  Embryonic EST cDNA 
clones were identified that matched each of these sequences (clone LD31064 for 
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dTIP60 and RE35395 for dELP3) and these clones were purchased from Invitrogen 
(Carlsbad, CA ).  The full ORFs for each dHAT were amplified by PCR using the 
following primer sets.  For dTIP60, the forward primer, 5’-CGG CGA ATT CGC 
CAT CAT GAA AAT TAA CCA CAA ATA TGA G-3’ contained a EcoR1 site 
(italics), a KOZAC sequence (bold), and sequence corresponding to the first eight 
codons of dTIP60.  The reverse strand primer, 5’-GGT TGG ATC CTC ATC ATC 
ATT TGG AGC GCT TGG ACC AGT C-3’ contained a BamH I site (italics), two in 
frame stop codons (bold), and the last eight codons of dTIP60.  For dELP3, the 
forward primer 5’-GGC TGA ATT CGC CAT CAT GAA GGC AAA AAA GAA 
GTT GGG CG-3’ contained a EcoRI site (italics), a KOZAC sequence (bold), and 
sequence corresponding to the first twenty-five bp of dELP3.  The reverse strand 
primer, 5’-GGC CGG TCT AGA TCA TCA CTA GTT ATT TTC TTC TAT GCT 
CTT TGA C-3’ contained an XbaI site (italics), two in frame stop codons (bold), and 
the last 28 base pairs of dELP3.   PCR reactions were carried out using Expand™ 
High Fidelity PCR System (Roche) according to the manufacture’s instructions using 
400 nM of each forward and reverse primers.  The cycling parameters were 30 cycles 
of 95°C for 2 min, 55°C for 1 min, and 72°C for 3 min, using Mastercycler 
(Eppendorf). The correct sized PCR amplification products were cloned into the 
TOPO pCR2.1 vector (Invitrogen) according to the manufacture’s instructions.  The 
entire insert DNA sequence for each of these constructs was determined by the 
University of Pennsylvania DNA Core Sequencing Facility, Philadelphia, PA.   
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Real-time PCR analysis of staged Drosophila RNA.   Total RNA was isolated from 
staged Canton S. D. Melanogaster (12-24h embryo, 1st instar larvae, 2nd instar 
larvae, 3rd instar larvae, pupae, and adult fly) using TRIzol (Invitrogen) and treated 
twice with DNA-freeTM (Ambion) to remove DNA.  First strand cDNA was prepared 
using the SuperScriptTM II reverse transcriptase kit (Invitrogen) according to the 
manufacture’s instructions with 1µg total RNA and 15 ng/µL of random hexamer 
primers (Roche).   Primer sets for dELP3 (forward primer: 5’-TCC CCA TGC CGC 
TTG TTA GT - 3’; reverse primer: 5’- CCG CCA TTG GCC ACA TAG TC - 3’) 
amplified a 190 bp fragment.   Primer sets for dTIP60 (forward: 5’- CAC AGC GCC 
ACC ATT CCC TA-3’; reverse: 5’- CCA GAT TGT TGC CAT TCA C - 3’) 
amplified a 202 bp fragment.  All PCR reactions were carried out in triplicate in 20 µl 
total reaction volumes containing: 0.5 U Taq (Qiagen), 1 µl cDNA (from the RT 
reaction described above), 250 µM dNTPs (Amersham Pharmacia Biotech), 500 nM 
for each forward and reverse primer, and 0.25X SYBR® Green I dye (Molecular 
Probes, Invitrogen).   The PCR was carried out in 96 well microtiter plates and the 
cycling conditions were: 40 cycles at 95°C for 45s, 55°C for 45s, 72°C for 1 min with 
plate readings recorded after each cycle.  All results were converted to real cDNA 
quantities by comparison to a standard curve generated with serial dilutions of either 
dTIP60 or dELP3 cDNA TOPO pCR2.1 clones. All data analysis was performed 
using OpticonTM2 system software, MJ Research. 
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RNAi and control dTIP60 constructs.  To create the inverted repeat dTIP60/RNAi 
pUAST construct, a 613 bp target RNAi sequence was amplified by PCR using 
primer sets specific for the dTIP60 cDNA sequence and the dTIP60 cDNA TOPO 
pCR2.1 clone as template.  The forward primer 5’-GGA GAA TTC GCA CTG GAG 
TGA CCA CGC CAC AGC GCC-3’ contained an EcoRI site (italics).  The reverse 
primer 5’-GCA TAA GAG CGG CCG CAT CTA CTG TAC TTC AGG CAG AAC 
TCG CAG ATG-3’ contained a NotI site (italics), and a 5 bp polylinker sequence 
(bold).  PCR reactions were performed as described above for dHAT cloning.  The 
correct size PCR generated fragment was cloned in the sense direction into 
EcoRI/NotI sites in the pUAST vector under the control of the UAS promoter.  This 
construct was designated dTIP60/pUAST.1.   The same target fragment described 
above was next PCR amplified using the dTIP60 cDNA TOPO pCR2.1 clone as 
template.  The forward primer 5’- GGA TCT AGA GCA CTG GAG TGA CCA CGC 
CAC AGC GCC-3’ contained a XbaI site (italics) and the reverse primer 5’-GCA 
TAA GAG CGG CCG CCT GTA CTT CAG GCA GAA CTC GCA GAT G-3’ 
contained a Not I site (italic).  The PCR generated fragment was cloned in an anti-
sense orientiation into Not I and Xba I sites of the dTIP60/pUAST.1, thereby creating 
the inverted repeat dTIP60/RNAi/pUAST construct.  To create the sense-sense 
dTIP60/control construct, the same target RNAi sequence was PCR amplified with 
the following primers: the forward primer 5’-GCA TAA GAG CGG CCG CGC ACT 
GGA GTG ACC ACG CCA CAG CGC C-3’ contained a Not I site (italics) and the 
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reverse primer 5’-GCA TCT AGA CTG TAC TTC AGG CAG AAC TCG CAG 
ATG-3’ contained a Xba I site (italics).  The PCR generated fragment was cloned in a 
sense orientiation into the Not I and Xba I sites of dTIP60/pUAST.1, creating a sense-
sense dTIP60/control/pUAST construct.  The PCR generated polylinker and the 
common Not I restriction site that joined the two target dTIP60 repeat fragments 
served as the “hinge” region of the hairpin in both dTIP60/RNAi/pUAST and 
dTIP60/control/pUAST constructs.  All cloning was carried out using standard 
procedures except that SURE 2 competent bacterial cells (Stratagene) were used for 
all bacterial transformations to prevent recombination from occurring. 
dTIP60/RNAi and control constructs for transient cell transfection were 
created by digesting the dTIP60/RNAi/pUAST and dTIP60/control/pUAST 
constructs with EcoR I and Xba I restriction enzymes, gel-purifying (Qiagen) the 
released fragments, and sub-cloning each fragment into EcoR I and Xba I restriction 
sites within the pAc5.1/V5-HisA vector (Invitrogen).  These constructs were 
designated dTIP60/RNAi/pAc5.1 and dTIP60/control/pAc5.1. 
 
Cell culture and transfection.  D. Mel-2 Cells (Gibco, Invitrogen) were grown in 
Drosophila-SFM media (Invitrogen) supplemented with 90 mL/L of 200 mM L-
Glutamine (Gibco, Invitrogen). The cells were grown in a 28°C, non-humidified, 
ambient air-regulated incubator (Torrey Pines Scientific), and subcultured every three 
to four days to maintain exponential growth.   On day three post-subculture, the cells 
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were seeded to 50-60% confluence into 35 mm plates in 2.0 ml Drosophila-SFM with 
L-Glutamine.  After an overnight incubation at 28°C, the cells were incubated with 
the transfection mixture containing 2 µg plasmid DNA, 8 µL Cellfectin (Invitrogen) 
and 500 µl Drosophila-SFM without L-Glutamine for 3 hours. After removal of 
transfection mixture, and addition of 2 mL of Drosophila-SFM with L-Glutamine, 
each plate was incubated at 28°C and observed after 24, 48, and 72 hours.    As a 
transfection efficiency control, separate plates of cells were transfected with 
pAC5.1/V5-His/lacZ (Invitrogen), cells were stained using the β-Gal staining kit 
(Invitrogen) according to the manufacture’s instructions and blue cells were counted 
to determine the transfection efficiency.   All transient transfections were performed 
in triplicate.  
 
Semi-Quantitative RT-PCR.  Total RNA from either a plate of transfected cells or 
three third instar larvae progeny from a homozygous dTIP60/RNAi or control x 
GAL4 337 cross was isolated using TRIzol (Invitrogen) and twice treated with DNA-
freeTM (Ambion) to remove DNA.  First strand cDNA was prepared using the 
SuperScriptTM II reverse transcriptase kit (Invitrogen) according to the manufacture’s 
instructions with 1µg total RNA and  15 ng/µL of random hexamer primers (Roche).  
PCR reactions were performed in a 40 ul total volume containing 1 U Taq (Qiagen), 1 
µl cDNA template, 250 µM dNTPs (Amersham Pharmacia Biotech) and 500 nM of 
each forward and reverse primer.  The cycling conditions were 36 cycles of 95°C for 
  65 
45s, 55°C for 45s, and 72°C for 1 min.   The forward primer (5’-TGG TAT TTC 
TCA CCC TAT CC-3’) and the reverse primer ( 5’-CAA TGA GCA GCT TGC CGT 
AG-3’) amplified a 427 bp fragment that corresponded to position 1407 to 1833 
within the cDNA dTIP60 sequence.   
 
Creation of P-element-transformed fly lines.  P-element germ-line transformations 
with pUAST constructs were performed as previously described 19, to create fly lines 
containing dTIP60/RNAi or dTIP60/control pUAST constructs. To determine on 
which chromosome the P-element inserted, lines heterozygous for the TM3 and TM6 
balancer were mated to w1118 flies, and segregation of the w+ marker was scored:  if 
segregation of w+ was neither with the third chromosome balancer or a sex 
chromosome, it was inferred to segregate with the second chromosome. Balancer 
chromosomes were subsequently crossed away by successive mating to w1118.  
Multiple, independent fly lines were created for each construct as the level of gene 
expression is dependent upon the chromosomal location of the P-element, which 
occurs randomly. 
 
  66 
Results 
Identification and characterization of two Drosophila HAT (dHAT) genes 
that are homologous to human HAT genes TIP60 and ELP3.  To identify human 
HAT homologs of TIP60 and ELP3 in Drosophila, conserved sequences within the 
human TIP60 (hTIP60) and ELP3 (hELP3) genes were used to query the Drosophila 
Genome database for genomic DNA encoding homologous sequences.  A single 
genomic clone mapping to band 4A6-B1 on the X chromosome showed significant 
homology to hTIP60 while a single genomic clone mapping to band 24F2 on the 2L 
chromosome demonstrated significant homology to hELP3.  Sequences 
corresponding to these regions were used to conduct a BLAST search of the 
Drosophila expressed sequence tag (EST) library at FlyBase and cDNA sequences 
were identified that displayed high homology to the hTIP60 sequence (originally 
listed as CG6121 but while this work was in progress, changed to dTIP60)  and 
hELP3 sequence (listed as CG15433).  Embryonic EST cDNA clones were identified 
for each dHAT (clone LD31064 for dTIP60 and RE35395 for dELP3) and these 
clones were purchased and sequenced.  The full sequence was determined for the 
open reading frame (ORF) of each cDNA dHAT clone, designated dTIP60 and 
dELP3, and aligned to its respective cDNA sequence identified in FlyBase, 
confirming a full ORF and correct sequence identity for each dHAT construct.    
Analysis of the conceptual translation products for both dTIP60 and dELP3 
provided evidence that these Drosophila genes are homologs of human HATs TIP60 
and ELP3.   First, alignments between each dHAT and its human HAT counterpart 
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demonstrated significant homology over their entire coding sequences:  dTip60 is 
58% identical/67% similar and dElp3 is 82% identical/91% similar (Figure 1 A and 
B; Figure 2 A and B).  Additionally, the dTIP60 transcript was found to contain an 
open reading frame of 1,626 bp, encoding a protein of 541 a.a. with a predicted 
molecular mass of 61.2 kDa, in good agreement with the apparent molecular mass of 
human TIP60 35. The ELP3 transcript contained an ORF of 1,659 bp, producing a 
protein of 552 a.a. with a predicted molecular mass of 62.8 kDa, shown to be the 
approximate molecular mass for the human Elp3 protein 31.  Finally, structural protein 
data obtained using the conserved domain architecture retrieval tool (CDART) at 
NCBI revealed that the predicted protein domains specific for dTip60 and dElp3 and 
their location within each dHAT protein are highly conserved between human and 
dHAT counterparts (Figure 1 A and B; Figure 2 A and B).   Both Drosophila and 
human MYST family member Tip60 contain an N-terminal chromodomain and a C-
terminal MYST domain, while both Drosophila and human GNAT family member 
Elp3 contain an N-terminal putative histone demethylation domain and a C- terminal 
HAT domain.  As expected, each of these conserved domains showed significant 
homology to one another: for dTop60 the chromodomain is 70% identical/87% 
similar and the MYST domain is 80% identical/89% similar, and for dElp3 the HAT 
domain is 85% identical/93% similar while the putative histone demethylase domain 
is 88% identical/94% similar to their human homolog counterparts.  Protein sequence 
analysis of a number of dTip60 and dElp3 homologs in a variety of different species 
in addition to humans, including Mus Musculus, Danio rerio, Caenorhabditis 
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elegans, Arabidopsis thaliana and Saccharomyces cerevisiae demonstrated that such 
HAT conservation for both dTip60 and dElp3 is evolutionarily well conserved 
(Figure 2 A and B).  The significant sequence and structural similarity between each 
dHAT with its human HAT counterpart strongly indicates that these newly isolated 
Drosophila genes are homologs of human TIP60 and ELP3. 
 
dTIP60 and dELP3 are differentially expressed during Drosophila 
development.  The mechanism underlying the regulation of HAT activity remains 
unclear.  Although detailed analysis of HAT expression throughout development is 
limited, studies analyzing HAT expression profiles suggest that a number of HATs 
including HBO1, TIP60, CBP, P/CAF and GCN5 are controlled, at least in part, 
through their differential regulation in certain tissues 34,44,48,70,78,79.  To determine 
whether different families of HATs might also be regulated throughout development, 
we examined the expression profiles of MYST family member dTIP60 and GNAT 
family member dELP3 genes in all stages of Drosophila development using a real-
time RT-PCR assay.  RNA was isolated from staged Drosophila Melanogaster (12-24 
h staged embryos, first, second and third instar larvae, pupae, adult flies) and DNaseI 
treated.  A cDNA library was generated from equal amounts of RNA for each 
developmental stage by RT priming with random hexamers.  The RT products were 
then amplified in a real-time PCR assay using primer pairs corresponding to a region 
specific for each dHAT and expression levels were displayed in absolute values.  We 
found that transcript levels of both HATs significantly peaked in the embryo, sharply 
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decreased to almost undetectable levels by the second instar larvae stage, then 
gradually increased as development proceeded, reaching a second, albeit lower, peak 
of expression in the adult fly (Figure 3).  Interestingly, although exact levels of 
dTIP60 and dELP3 expression differed at each Drosophila stage tested, the trend of 
these levels throughout development was similar for both HATs.  These data 
demonstrate that dTIP60 and dELP3 are each differentially expressed throughout  
Drosophila development.   
 
Plasmid mediated dTIP60 dsRNA production in a Drosophila embryonic 
cell line reduces cell viability and dTIP60 mRNA levels.  We found that levels of 
dTip60 and dElp3 expression dramatically peaked in the Drosophila embryo, 
supporting an important role for these dHATs during embryogenesis.  Therefore, we 
wished to decipher their function during early development.  As no characterized 
dTIP60 and dELP3 mutant alleles exist to date, we chose to silence specific 
endogenous HAT expression in a variety of tissues, cell types, and stages of 
development of choice by using an inducible GAL4 targeted RNAi based system in 
Drosophila.  In this RNAi/GAL4 system, expression of an inverted repeat transgene 
of choice triggers double-stranded RNA mediated postranscriptional gene silencing 
25,36.  This method is used in conjunction with the targeted GAL4/UAS binary system 
9 to control expression of the inverted repeat transgene in both a developmental and 
cell type restricted fashion.  
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We chose to initially focus our studies on Tip60, as this HAT has been 
previously reported to play wide range of biological roles essential for numerous 
cellular processes (Clarke, Lowell et al. 1999; Ikura, Ogryzko et al. 2000; Reid, Iyer 
et al. 2000; Bird, Yu et al. 2002; Ceol and Horvitz 2004; Halkidou, Logan et al. 2004; 
Kusch, Florens et al. 2004; Legube, Linares et al. 2004).  To create the dTIP60/RNAi 
construct, we selected a 613 bp RNAi non-conserved target sequence specific for 
dTIP60 (Figure 4 A).  BLAST searches using this sequence ensured non-redundancy 
within the genome. The chosen dTIP60 cDNA fragment was cloned into the inducible 
expression vector (pUAST) under the control of GAL4-UAS binding sites in a sense-
antisense inverted gene arrangement predicted to form a double-stranded RNA 
hairpin that would induce an RNAi response.  This plasmid was designated the 
dTIP60/RNAi construct (Figure 4B).  A control construct was created in which the 
same RNAi target sequences were cloned into a sense- sense orientation so that it 
would not induce RNAi.  This plasmid was designated the dTIP60/control construct 
(Figure 4C).   Both the sense-antisense and sense- sense sequences in each of the 
constructs were separated by a short polylinker that served as the “hinge” region of 
the hairpin arrangement.   
    To initially test whether our dTIP60/RNAi construct would potently down-
regulate endogenous dTIP60 expression and result in phenotypic defects, we utilized 
the  Drosophila embryonic D.mel-2 cell culture based system (Figure 5 A and B).  
The dTIP60/RNAi sense-antisense repeat and dTIP60/control sense-sense sequences 
were each subcloned into the pAc5.1/HisA vector under the control of an active actin 
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promoter.  Both the dTIP60/RNAi and control constructs were each transiently 
transfected into D.mel-2 cells and visualized using phase/contrast optics 24 hours post 
transfection.  We observed morphological defects in cells transfected with the 
dTIP60/RNAi construct.  These cells were found to grow poorly, suffering 
approximately 50-70% lethality 24 hours post-transfection (Figure 5D).  Additionally, 
dTIP60/RNAi induction appeared to disrupt mitotic cell cycle progression, as those 
cells that did survive were larger than the wild-type and control cells and appeared to 
be arrested during cytokinesis.  None of these defects were observed in cells 
transfected with the dTIP60/control construct (Figure 5C).  These results demonstrate 
that dTIP60 /RNAi production in a Drosophila embryonic cell line results in cellular 
defects and lethality, supporting an essential role for dTIP60 in early development.  
        To determine whether the dTIP60/RNAi construct was down-regulating 
endogenous dTIP60, RNA was isolated from cells transfected with either the 
dTIP60/RNAi or dTIP60/control construct 24 hours post- transfection, and DNaseI 
treated.  Interestingly, RNA isolated from cell plates transfected with the 
dTIP60/RNAi construct was found to be consistently and significantly lower in 
concentration than RNA isolated from cells transfected with the dTIP60/control 
construct (data not shown).  This result is likely due to cell lethality occurring in the 
dTIP60/RNAi test cell lines (Fig. 5D).  A cDNA library was generated from equal 
amounts of RNA for each transfection sample by RT priming with random hexamers.  
The RT products were amplified in a semi-quantitative RT-PCR assay using primer 
pairs specific for each dTIP60 that did not amplify dsRNA species.  The gene for the 
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RP49 ribosomal protein was also amplified from each sample and served as an 
internal control.  Our results revealed that endogenous dTIP60 is reduced in RNAi 
samples when compared to control samples, whereas RP49 expression remained 
unaffected.  These observations indicated that our dTIP60/RNAi construct is 
effectively and specifically inhibiting endogenous dTIP60 RNA production. 
 
dTIP60 is essential for Drosophila development.  To confirm and further 
explore our finding that dTIP60 is required for cell viability, we used a GAL4 
targeted RNAi knockdown system to induce silencing of endogenous dTIP60 
expression in the Drosophila multicellular model setting.  Flies were transformed 
with our dTIP60/RNAi and control GAL4 inducible pUAST constructs, and three 
independently derived transgenic fly lines with insertions for each of the constructs 
were chosen for use. The insertions were homozygous viable, and did not cause any 
observable mutant phenotypes in the absence of GAL4 induction. 
Based on our previous findings that the actin promoter (Act5C) induced potent 
dTIP60 RNAi knockdown in the Drosophila cell culture line, we chose to induce 
dTIP60/RNAi and control transgene expression in the fly using the Act5c-Gal4 driver 
strain (Bloomington stock 4414), as this actin driver expresses robust levels of GAL4 
constitutively and ubiquitously early in embryogenesis (Chavous, Jackson et al. 2001; 
Rollins, Korom et al. 2004).   We found that when the Act5c-Gal4 driver was used to 
induce transgene expression at 25oC, each of the three dTIP60/RNAi insertion lines 
reduced survival to 0% that of all three dTIP60/control insertion lines (Table 1).  In 
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each case, lethality for the majority of flies occurred during pupal development, which 
was the latest stage that flies were able to survive.  Those flies that did survive until this 
stage showed essentially wild-type development.  As an internal control, Act5c flies are 
hemizygous for the GAL4 driver over a CyO balancer chromosome (P{Act5c-
Gal4}y/CyO y+) and thus approximately 50% of flies are expected to eclose due to no 
GAL4 production in half of the progeny in any given cross. Thus, to determine whether 
a significant percentage of flies died earlier than the pupal stage, the total number of 
dead, non-eclosed GAL4+ (y;Cy+)  pupae was compared to the total number of non-
RNAi induced GAL4- (y+;Cy) flies that eclosed over a ten day period.  We found that 
although no dTIP60 RNAi induced GAL4+ (y;Cy+)  flies were found to eclose, the 
number of dead pupae was significantly lower than the number of viable GAL4- (y+;Cy) 
flies for one of the dTIP60/RNAi insertion lines tested.  An analysis of the number of 
such “missing” dead pupae to the total number of eclosed GAL4-  (y+;Cy) flies 
demonstrated that for one of the RNAi insertion lines, 24% of the dTIP60/RNAi 
induced flies must have died sometime earlier than pupal development.  The variation 
in lethality observed between fly lines is likely due to position variegation effects on 
transgene expression.  Our results demonstrate that early and ubiquitous induction of 
dTIP60/RNAi in the fly using an actin specific GAL4 driver results in total lethality for 
each of the three dTIP60/RNAi insertions tested, supporting an essential role for 
dTIP60 in multicellular development and the feasibility of our inducible GAL4 targeted 
HAT/RNAi knockdown system in Drosophila.  
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We next wished to determine whether GAL4 induced expression of 
dTIP60/RNAi reduced endogenous dTIP60 transcripts.   Because Act5c flies are 
hemizygous for the GAL4 driver, only 50% of the progeny in any given cross will 
induce the dTIP60/RNAi transgene, making analysis of endogenous dTIP60 down-
regulation using this GAL4 driver problematic.   We therefore chose to induce 
dTIP60/RNAi and control transgenes using the ubiquitous homozygous GAL4 driver 
337 (Elefant and Palter 1999).  Progeny resulting from a cross between three 
independently derived homozygous dTIP60/RNAi or dTIP60/control fly lines and 
GAL4 line 337 were allowed to develop to the third instar larval stage, before 
lethality in the pupal stage was shown to occur (data not shown).   RNA was isolated 
from three third instar larvae from each of the above crosses and DNaseI treated.  A 
cDNA library was prepared from equal amounts of each RNA sample by RT priming 
with random hexamers.  The RT products were amplified in a semi-quantitative RT-
PCR assay using primer pairs specific for dTIP60 that did not amplify dsRNA 
species.  The gene for the RP49 ribosomal protein was also amplified from each 
sample to serve as an internal control.  Our results revealed that endogenous dTIP60 
transcript levels were significantly reduced in RNAi samples from each of the three 
independently derived dTIP60/RNAi fly lines when compared to samples obtained 
from each of the three independently derived dTIP60/control fly lines (Figure 6).  
These observations demonstrate that GAL4 induced dTIP60/RNAi expression is 
robustly inhibiting endogenous dTIP60 RNA production. 
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Discussion 
The importance of histone acetylation in chromatin control and gene 
regulation supports a critical role for HAT function in promoting the rapidly changing 
gene expression profiles that drive developmental processes (Roth, Denu et al. 2001).  
Consistent with this role, studies have shown that CBP, p300 and GCN5 HATs are 
each required for the differentiation of a wide variety of cell lineages (Xu, 
Edmondson et al. 1998; Xu, Edmondson et al. 2000; Roth, Shikama et al. 2003; 
Shikama, Lutz et al. 2003).  However, whether additional GNAT and MYST related 
HATs are each essential for tissue-specific cell survival and what their specialized 
roles in such developmental processes are remains unclear.  With this question in 
mind, we set out to identify human GNAT and MYST HAT family homologs in 
Drosophila (dHATs) in order to elucidate their human relevant developmental and 
cell-type specific functions in the highly characterized multicellular Drosophila 
model setting.  
Using homology searches of the Drosophila genome, we identified two 
human HAT homologs in Drosophila: MYST family member dTIP60 and GNAT 
family member dELP3.  We obtained cDNA clones encoding for each of these genes 
and analyzed them for both DNA sequence and conceptual translation products, 
confirming their correct identity.  We found that both dTip60 and dElp3 show high 
conservation to their human counterparts in terms of both their amino acid sequence 
identity and location of conserved protein domains.  Consistent with prior amino acid 
sequence analysis of Elp3, we found that dElp3 also contains a putative histone 
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demethylase domain (Chinenov 2002), supporting a functional role for this highly 
conserved N-terminal domain.  Intriguingly, the possibility that Elp3 functions as a 
histone demethylase is consistent with recent reports demonstrating the identification 
and characterization of two novel classes of histone demethylases (Shi, Matson et al. 
2005; Klose, Yamane et al. 2006; Tsukada, Fang et al. 2006; Yamane, Toumazou et 
al. 2006).  As the mechanism underlying Elp3 histone demethylase action is proposed 
to differ from these recently identified histone demethylases (Chinenov 2002), and 
that Elp3 contains both a HAT domain and putative histone demethylase catalytic 
domain, suggests that dElp3 may represent yet another type of histone demethylase, a 
possibility that we are currently exploring.  Importantly, while this work was in 
progress, Kusch et al. (Kusch, Florens et al. 2004) purified the dTip60 multiprotein 
complex from Drosophila embryonic S2 cells and showed by mass spectrometer and 
sequence analysis that the dTip60 protein they isolated was encoded by the identical 
dTIP60 gene that we identify and characterize here (originally listed in FlyBase as 
CG6121 but now as dTIP60).  Furthermore, their biochemical analysis of the dTip60 
complex demonstrated that it is structurally homologous to its human counterpart, 
supporting our conclusion that the dTIP60 gene reported here is the Drosophila 
homolog of human TIP60.  The authors further demonstrate that the dTip60 complex 
is required for selective histone variant exchange during DNA repair.  We anticipate 
that the use of our GAL4 inducible dTIP60 knockdown system in developing flies 
may ultimately allow for future discovery of additional dTip60 multiprotein 
complexes composed of polypeptides that are at least in part, both cell type and 
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developmentally specific in function.  The existence of such interactions is supported 
by studies demonstrating that Tip60 associates with different disease related proteins 
including Alzheimer’s associated amyloid precursor protein (APP-CT) (Baek, Ohgi et 
al. 2002; Kim, Kim et al. 2003), c- myc (Mahlknecht, Ottmann et al. 2000; Patel, Du 
et al. 2004) and proteins involved in hematological malignancies (Nordentoft and 
Jorgensen 2003).  The preservation of sequence and structural similarity between 
dTIP60 and dELP3 and their human HAT counterparts suggests important and highly 
conserved roles for these dHATs in cell function, and supports our use for them as 
“tools” for deciphering human relevant developmental HAT function in the 
Drosophila model setting. 
Our analysis of dTIP60 and dELP3 expression levels using real-time PCR 
demonstrated that both dHATs are differentially expressed throughout Drosophila 
development with levels dramatically peaking in the embryo, dropping to almost 
undetectable levels during the second instar larvae stage, then increasing to a second, 
lower peak of expression in the adult fly.   Our observation that specific dHATs 
exhibit differential expression patterns during development suggests that in addition 
to being regulated by specific protein partners (Marmorstein and Roth 2001), specific 
HAT activity may also be controlled, at least in part, by their developmental 
regulation.   In support of this idea is the observation that mice heterozygous for null 
alleles for each of the p300, CBP and GCN5 HATs show less severe developmental 
defects than do homozygous null alleles, demonstrating that the overall dosage of 
HATs is critical for developmental processes (Xu, Edmondson et al. 2000; Roth, 
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Denu et al. 2001).   We found that expression levels of both dTIP60 and dELP3 
peaked in the embryo.  Similarly, Drosophila GCN5 (Smith, Belote et al. 1998) has 
been shown to be differentially expressed during development with levels peaking 
during embryogenesis.  Such high HAT transcript levels observed during 
embryogenesis may be explained, at least in part, by maternal deposition, and are 
consistent with studies demonstrating the importance of chromatin control in early 
development (Patterton and Wolffe 1996).   Consistent with this mode of expression, 
chicken Tip60 protein levels have been shown to peak during the early stages of chick 
heart development with diminishing levels thereafter (Lough 2002).  In this study, 
total TIP60 expression levels in the chick embryo were found to be relatively low in 
comparison to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
housekeeping gene, consistent with our findings of relatively low expression levels 
for both dTIP60 and dELP3 in comparison to the housekeeping RP49 gene during 
embryogenesis (data not shown).   The relative low abundance and transient 
expression of dTIP60 in comparison with highly expressed ubiquitous housekeeping 
genes may indicate a potential role for them in the modulation and fine tuning of 
certain inducible genes needed specifically for early development.  Finally, high 
levels of embryonic expression is not the case for all HATs as shown by studies 
demonstrating that GCN5 is expressed at high levels in the mouse embryo whereas 
expression levels of the HAT P/CAF are virtually undetectable (Xu, Edmondson et al. 
1998). This data, in conjunction with the HAT expression data we present here, 
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suggest that only certain HATs with specific regulatory roles may be required for 
embryogenesis to proceed.  
Although research on HATs in multicellular systems is still limited to date, 
knockout studies of p300, CBP (Tanaka, Naruse et al. 1997; Roth, Shikama et al. 
2003) and GCN5 (Tanaka, Naruse et al. 1997; Roth, Shikama et al. 2003) in mice and 
CBP (Akimaru, Chen et al. 1997), HBO1 (Grienenberger, Miotto et al. 2002) and 
MOF (Smith, Allis et al. 2001) in Drosophila have revealed essential roles for these 
HATs during development.  Significantly, the phenotypic defects that arise from such 
different HAT knockouts are not identical.  For example, GCN5 is essential for 
mouse development and formation of several mesoderm tissues while PCAF is 
dispensable (Xu, Edmondson et al. 2000).  Furthermore, hematological malignancies 
(Kung, Rebel et al. 2000) and abnormal skeletal patterning (Tanaka, Naruse et al. 
1997) were observed in CBP but not p300 heterozygous null mice.  Additional studies 
have reported differential roles for CBP and p300 in heart, lung, small intestine 
(Shikama, Lutz et al. 2003) and muscle development (Roth, Denu et al. 2001).  Taken 
together, these studies indicate that certain HATs carry out specialized functions 
required for proper multicellular development (Roth, Denu et al. 2001).   Here we 
show that reducing endogenous dTIP60 expression, using RNAi in both a Drosophila 
embryonic cell line and in dTIP60/RNAi transgenic flies, results in cell defects and 
lethality.  Our results extend prior HAT knockout studies and add the MYST family 
member dTIP60 to the growing list of HATs that carry out essential and potentially 
specialized roles required for multicellular development.  Moreover, our conditional 
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strategy of targeting HAT knockdown to distinct tissues and developmental stages of 
choice should allow for a more detailed analysis of developmental HAT function than 
previously described.  Mice null for either p300 (Shikama, Lutz et al. 2003), CBP 
(Roth, Shikama et al. 2003), or GCN5 (Xu, Edmondson et al. 2000) display early 
embryonic lethal phenotypes, thus limiting assessment of HAT function to these early 
stages of development.  Our targeted HAT/RNAi knockout approach should 
overcome such obstacles, allowing for a future broad assessment of HAT function at 
all stages of development, and a detailed analysis in specific tissues and cell lineages. 
Prior studies on the yeast TIP60 homolog, ESA1, demonstrated that 
temperature-sensitive yeast esa1 mutant cells were found to be arrested during cell 
division with a G2/M stage DNA content and partially depleted acetylated H4 levels, 
thereby linking Esa1 HAT function to cell cycle control via potential transcriptional 
regulatory events (Clarke, Lowell et al. 1999).   Consistent with these results, we 
observed that dTIP60 depletion in the Drosophila D.Mel-2 cell culture line resulted in 
a lethal phenotype reminiscent of mitotic cell cycle progression defects.  Cells that 
did survive were larger than wild-type and control cells and appeared unable to 
complete cytokinesis, supporting a role for dTIP60 in metazoan embryonic cell 
division.  Depletion of dTIP60 in our GAL4 inducible HAT knockdown system 
resulted in total lethality for all three independent dTIP60/RNAi insertion fly lines 
tested.   In each case, the majority of flies died no later than pupal development and 
those flies that did survive until this stage showed essentially wild-type development.  
Our finding that the dTIP60/RNAi transgenic flies did not die until the pupal stage is 
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likely due to incomplete reduction of the high levels of dTIP60 found in the 
Drosophila embryo and that perhaps substantial levels of dTIP60 are not necessary 
directly before pupal development begins, as suggested by the low transcript levels 
that we observed for dTIP60 in second and third instar larvae (Figure 3).  As 
development proceeds, depletion of dTIP60 likely results in the disruption of cell 
processes shown to require dTIP60 such as apoptosis (Legube, Linares et al. 2004), 
DNA repair (Bird 2002) , and cell cycle progression (Clarke, Lowell et al. 1999), 
culminating in lethality caused by an accumulation of cell defects that accrue over 
time.  This idea is supported by our observation that for one of the dTIP60 RNAi 
insertion lines, a significant proportion of flies died earlier than the pupae stage, 
likely due to higher levels of dTIP60/RNAi transgene expression from the insertion 
site, and thus greater dTIP60 depletion earlier in development.   
           HATs execute acetylation profiles required for target gene regulation and thus 
their misregulation is linked to numerous types of cancers and developmental defects 
(Petrij, Giles et al. 1995; Mahlknecht, Ottmann et al. 2000; Steffan, Bodai et al. 2001; 
Roelfsema, White et al. 2005; Close, Hawkes et al. 2006).  HAT-based mechanisms 
of disease generally entail either repression of normally active genes by loss of HAT 
function or activation of normally silent genes by gain of HAT function (Mahlknecht, 
Ottmann et al. 2000).   The importance of TIP60 and ELP3 is underscored by studies 
demonstrating their involvement in both normal cellular processes, and abnormal 
ones, resulting in oncogenesis and developmental disorders.  For example, loss of 
Elongator function (a HAT complex containing Elp3) has been implicated in familial 
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dysautonomia, a disease associated with poor development and degeneration of the 
nervous system (Hawkes, Otero et al. 2002; Close, Hawkes et al. 2006) while 
overproduction of Tip60 in the nucleus of prostate cells is associated with androgen – 
resistant prostate cancer (Halkidou, Gnanapragasam et al. 2003; Sapountzi, Logan et 
al. 2006).   Furthermore, Tip60 is associated with numerous disease related proteins 
including the c-myc oncoprotein (Grank 2003; Patel, Du et al. 2004), proteins 
involved in hematological malignancies (Chambers, Banerjee et al. 2003; Nordentoft 
and Jorgensen 2003), and Alzheimer’s associated amyloid precursor protein (APP-
CT) (Baek, Ohgi et al. 2002; Kim, Kim et al. 2003).  Interestingly, overproduction of 
APP-CT induces an increase in histone acetylation that significantly enhances 
neurotoxicity, implicating Tip60 HAT mistargeting in Alzheimer’s disease (Kim, 
Kim et al. 2003).   Our isolation and characterization of dTIP60 and dELP3, in 
conjunction with our newly developed inducible and targeted HAT knockdown 
system in Drosophila, will now allow us to effectively study the roles of these and 
other chromatin regulators in both multicellular development and epigenetic-based 
disorders. 
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Chapter 3: 
ELP3 plays an active role in synaptic bouton expansion and sleep in Drosophila 
 
Abstract 
ELP3 is a GNAT family histone acetyltransferase that is the catalytic subunit 
of the Elongator complex.  It plays roles in transcriptional elongation in the nucleus 
and exocytosis and tRNA modification in the cytoplasm. ELP3 has also been shown 
to control the migration and differentiation of cortical neurons via the acetylation of 
α-tubulin.  It is thus proposed that ELP3 may harbor multiple functions in separate 
cell compartments. Importantly, ELP3 misregulation is involved in various 
neurological disorders including Familial Dysautonomia and Amyotrophic Lateral 
Sclerosis.  We investigated the role of Dmel\ELP3, the Drosophila human ELP3 
homolog, in multicellular Drosophila development, with an emphasis on its role in 
nervous system in neuroplasticity and behavior. Through the combined utilization of 
the UAS-GAL4 system and the powerful Drosophila larval NMJ model, we show 
that ELP3 is essential for multicellular development and that reduction of ELP3 in the 
nervous system results in hyperactive, viable flies that sleep less than control flies and 
form an increased number of synaptic boutons at the larval NMJ.  We consequently 
identify three novel target genes involved in sleep, stress response, hyperactivity, and 
synaptic function that are affected by ELP3 downregulation.  Our results suggest that 
Dmel\ELP3 plays an active role in synaptic bouton expansion and sleep amount in 
Drosophila. 
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Introduction 
The eukaryotic genome is packaged within the nucleus into chromatin, which 
consists of repeating fundamental units called nucleosomes.  A single nucleosome 
consists of approximately 146 base pairs of DNA wrapped around a histone octamer 
core consisting of two copies each of histones H2A, H2B, H3, and H4.  These 
histones contain highly conserved N-terminal tails that are epigenetically modified, 
thereby altering chromatin packaging and regulating gene expression. The histone 
code hypothesis states that single or combinatorial histone modifications bring about 
specific gene expression patterns and biological outcomes (Strahl and Allis 2000; 
Jenuwein and Allis 2001; Rice and Allis 2001).  Histone acetyltransferases (HATs) 
are enzymes that catalyze the transfer of an acetyl group from acetyl-CoA to the ε -
amino group of specific, highly conserved lysine residues on the N-terminal tails of 
histones, thereby disrupting the affinity between positively charged lysine residues 
and DNA and/or neighboring histones.  HATs therefore theoretically act as docking 
sites for transcription factors and/or to “loosen” chromatin packaging making the 
DNA more accessible for transcription, thereby facilitating gene expression.  HATs 
act dynamically with histone deacetylases (HDACs) to regulate gene expression 
(Sterner and Berger 2000; Marmorstein and Roth 2001; Roth, Denu et al. 2001; 
Bottomley 2004). Modification by histone deacetylase enzymes generally results in 
gene silencing (Alland, Muhle et al. 1997).   
  85 
 ELP3 (Elongator Protein 3) is a GNAT family histone acetyltransferase that 
functions in histone acetylation and transcriptional elongation.  It is the catalytic 
subunit of the highly conserved Elongator complex, which consists of six subunits, 
ELP1-6.  The Elongator complex was originally identified in Saccharomyces 
cerevisiae as a mutisubunit complex that copurifies with the hyperphosphorylated 
form of RNA polymerase II (RNAPII) holoenzyme (Otero, Fellows et al. 1999); and 
it was subsequently it was isolated from human cells (Hawkes, Otero et al. 2002; 
Kim, Lane et al. 2002).  The Elongator complex has shown to be important for 
transcriptional elongation (Winkler, Petrakis et al. 2001), and for histone acetylation 
in vitro (Wittschieben, Otero et al. 1999) and in vivo at histones H3 and H4 (Winkler, 
Kristjuhan et al. 2002).  It also plays an important role in forming modified wobble 
uridines in tRNAs (Huang, Johansson et al. 2005; Esberg, Huang et al. 2006), and 
may possibly play a role in polarized exocytosis (Rahl, Chen et al. 2005).  ELP3, the 
catalytic subunit of the Elongator complex, is required for the function of Elongator 
in histone acetylation and transcriptional elongation (Winkler, Petrakis et al. 2001; 
Hawkes, Otero et al. 2002).   
 Elongator deficiency in humans causes the severe human autosomal recessive 
neuropathy familial dysautonomia (FD).  Defects in the development and 
maintenance of neurons in the autonomic and sensory nervous systems occur in FD 
patients.  Some human FD symptoms include poor muscle tone, lack of balance and 
coordination, and unsteady gait (Slaugenhaupt and Gusella 2002; Axelrod 2004).  
The FD mutation occurs in ELP1/IKAP.  Interestingly, ELP3 is downregulated in 
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human cells that either contain the FD mutation or have decreased expression of 
ELP1.  Target gene expression is reduced as a result of reduction of ELP1 or ELP3, 
albeit at lower levels (Close, Hawkes et al. 2006).  Depletion of ELP1 and ELP3 in 
mouse cortex delays migration and impairs branching of cortical neurons (Creppe, 
Malinouskaya et al. 2009).  Two ELP3 mutants were found in a forward genetic 
mutagenesis screen to possibly be involved in synaptic transmission and neuronal 
survival or development (Simpson, Lemmens et al. 2009).   
Synaptic plasticity is an important factor in the regulation of behavior and 
memory and can be dynamically regulated through epigenetic modifications.  In 
particular, it has been shown that inhibition of HDAC2 increases histone acetylation 
and enhances memory and synaptic plasticity (Vecsey, Hawk et al. 2007; Guan, 
Haggarty et al. 2009).  Vecsey et al. show that HDAC inhibitors enhance memory 
processes by activating specific genes that are regulated by the CREB:CBP 
transcriptional complex.  Histone acetyltransferases (HATs) are specific in their 
modification sites on histone tails and have been shown to regulate gene transcription.  
It can be inferred that different HATs may modulate synaptic plasticity by different 
means through differential gene expression profiles.  They may also direct synaptic 
plasticity through means other than modulating gene expression.  In fact, it has been 
shown that inhibition of HDAC6 results in the survival and regeneration of neurons, 
mediating protection and repair of the CNS, not due to gene transcription, but to local 
events.  Specifically, inhibition of HDAC6 via use of HDAC inhibitors or HDAC6 
siRNAs selectively increases α -tubulin, suggesting that neurite outgrowth due to 
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inhibition of HDAC6 is independent of transcription (Rivieccio, et al. 
unpublished/submitted data).  The authors suggest that in contrast to neuroprotection, 
acetylation of α -tubulin may underlie neurite outgrowth on a non-permissive 
substrate.  Acetylation of α-tubulin by the Elongator complex, of which ELP3 is the 
catalytic HAT subunit, regulates the migration and differentiation of mammalian 
cortical neurons.  Loss of ELP1, the scaffolding subunit, or ELP3 reduced α-tubulin 
acetylation and affected axonal length and the branching of cortical projection 
neurons (Creppe, Malinouskaya et al. 2009).  The innervation of many targets by 
axonal branching of cortical neurons requires local reorganization of the cytoskeleton.  
Transition to new axonal growth and branch formation is accompanied by splaying of 
looped microtubules and formation of short microtubule fragments that invade the 
lamellipodium and at developing branch points along the axon shaft (Dent, Callaway 
et al. 1999; Kalil, Szebenyi et al. 2000).  Disruption of microtubules may potentially 
lead to more axon branching (i.e. higher bouton formation), as instability of 
microtubules occurs in growing axons in that they are splayed apart in advancing 
growth cones before becoming bundled and forming loops (Tsui, Lankford et al. 
1984; Sabry, O'Connor et al. 1991; Tanaka and Kirschner 1991; Dent and Kalil 2001; 
Dent and Gertler 2003; Dent, Tang et al. 2003).  
HDAC6 inhibition results in neurite outgrowth independent of transcription, 
while gene transcription has been shown to be required for long-lasting forms of 
synaptic plasticity and memory storage (Johnston, Alemi et al. 2003), but specific 
mechanisms underlying transcription-controlled synaptic events remain unclear 
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(Vecsey, Hawk et al. 2007).  Since some chromatin modifying enzymes have more 
than just a nuclear function, it can be suggested that synaptic plasticity mediated by 
epigenetic modifications is due to local, cytoplasmic effects, rather than or in addition 
to by modulations in target gene transcription. Elongator regulates many functions in 
separate cell compartments, but it remains unclear whether these functions are distinct 
within different cell compartments, or if one function regulates other(s) through 
downstream activities (Svejstrup 2007).    
 Interestingly, it has recently been shown that loss of sleep results in synaptic 
upscaling in Drosophila.  Recovery sleep after sleep deprivation results in the 
downscaling of these synapses, implying that sleep may be required to maintain 
synaptic homeostasis altered by waking activities (Gilestro, Tononi et al. 2009).  We 
show that the Drosophila human ELP3 homolog, Dmel\ELP3 is essential for 
multicellular development, downregulation of ELP3 in the fly nervous system leads 
to neurological defects, synaptic bouton expansion, and a decrease in sleep need, and 
we link target gene expression to phenotypic defects of ELP3 downregulation.  
Together, a compilation of ELP3 data suggests an important role for ELP3 in nervous 
system function and development, and we three novel target genes that are 
misregulated as a result of ELP3 reduction. 
 
Materials and Methods 
Dmel\ELP3/RNAi construct:  A 650 bp non-conserved cDNA sequence within 
Dmel\ELP3 was amplified using our Dmel\ELP3 cDNA TOPO pCR2.1 (Invitrogen) 
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clone as template (Zhu et al., 2007).  PCR was performed using the following primer 
sets specific for Dmel\ELP3 cDNA sequence: 5’-GGA GAA TTC CAT CCG GTC 
GCG GTA CGA TCC TTT TCT TC, EcoRI site in italics; and 3’-GCA TAA TAG 
CGG CCG CAT CTA CCA AAA TCT TCG CCA CTA AGT CCA CAA GCA TG, 
NotI restriction site in italics and 5bp polylinker hinge region in bold.  This 650bp 
cDNA sequence was cloned into the pUAST vector in a sense orientation at the 
EcoRI/NotI restriction sites.  Next, the same 650bp target fragment was PCR 
amplified and cloned into the pUAST vector in an antisense orientation at the 
XbaI/NotI restriction sites.  Primer sets used for the antisense fragment were: 5’-GGA 
TCT AGA CAT CCG GTC GCG GTA CGA TCC TTT TCT TC, XbaI restriction site 
in italics, and 3’-GCA TAA TAG CGG CCG CCC AAA ATC TTC GCC ACT AAG 
TCC ACA AGC ATG, NotI restriction site in italics.  PCR reactions for sense and 
antisense cloning were carried out using the Expand High Fidelity PCR kit (Roche) 
per the manufacturer’s instructions, using primers in 1µg/µl concentration.    PCR 
cycling conditions were  30 cycles of 95°C for 2 min, 55°C for 1 min, and 72°C for 3 
min, using the Mastercycler thermocycler (Eppendorf).  All cloning procedures used 
were standard, except that SURE2 competent bacterial cells (Stratagene) were used to 
clone the antisense fragment, so as to prevent homologous recombination of the 
inverted repeat.   
 
Creation of P-element-transformed fly lines:  P-element germline transformations 
with pUAST Dmel\ELP3/RNAi construct was performed as previously described 
  90 
(Elefant and Palter, 1999) to create fly lines carrying the Dmel\ELP3/RNAi pUAST 
construct.  Chromosome segregation of the P-element construct was determined by 
crossing lines heterozygous for TM3 and TM6 balancers to w1118 flies and scoring for 
the w+ marker.  The w+ marker was determined to be on the second chromosome if it 
did not segregate with a sex or third chromosome.  Subsequent crosses to w1118 were 
used to cross away the balancer chromosomes, leaving the P-element insertion in a 
w1118 background.  Two independent fly lines were created directly through the 
germline transformations, and 1 was created by crossing line A to Δ2-3 transposase-
containing flies, then determining segregation of the w+ marker as described above. 
 
Drosophila stocks and RNAi crosses:  Lines used: P{GawB}elavC155 (Bloomington 
stock # 458), y1 w*; P{GawB}60IIA (Bloomington stock #7029), and w*; P{GAL4-
da.G32}UH1. Crosses for real-time RT-PCR were performed using 3 w*; P{GAL4-
da.G32}UH1 virgin females and 3 Dmel\ELP3/RNAi /B, or w1118 males in six 
separate vials each.  Crosses for DAMS activity assay were performed using 10 
Dmel\ELP3/RNAi /B, or w1118 virgin females crossed to 5 60IIA-GAL4 driver line 
males in >7 vials). All crosses were performed in narrow plastic vials (VWR), 
supplied with yeasted Jazz-Mix Drosophila media (Fisher Scientific).  Female virgin 
elavC155 flies were crossed to Dmel\ELP3/RNAi or w1118 males for larval NMJ assays. 
All crosses were carried out at 29°C.   
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Behavioral Assays: 
Collecting Samples:  Crosses were performed as mentioned above for 
Dmel\ELP3/RNAi/B female virgins crossed to y1 w*; P{GawB}60IIA or 
P{GawB}elavC155 males for both climbing and activity assays.   Progeny from 
Dmel\ELP3/RNAi/B female virgins crossed to w1118 males were used as control.  
Newly eclosed progeny were collected for three days for climbing assay.  Activity 
assay was done using newly eclosed progeny no older than 24 hours from above 
mentioned Dmel\ELP3/RNAi/B x y1w*;P{GawB}60IIA crosses.  All flies used were 
allowed to acclimate to 12:12 hour light/dark cycle at 29°C for 4 days before 
performing assays.   
 
Climbing Assay:  Newly eclosed male and female flies were collected from the 
following crosses: Dmel\ELP3/RNAi/B x y1w*;P{GawB}60IIA and w1118 x 
y1w*;P{GawB}60IIA.  Separated by male and female, 20 flies were added to a single 
narrow vial (25 x 95 mm) (VWR) containing yeasted drosophila media (JazzMix, 
Fisher Scientific) in triplicate, and those flies were allowed to adjust to the 12:12 hour 
light/dark cycle at 29°C for up to four days before beginning assay.  On days 1, 3, and 
5 of a 7 day week, each vial of flies was transferred to an empty narrow vial, which 
was topped by another empty narrow vial.  In a dark room, under red light (Kodak 
Safelight Filter #GBX-2 ), the flies were gently knocked down to the bottom of the 
lower vial and the number of flies that climbed past 95 mm, from the bottom vial into 
the top vial was recorded at 10 seconds and at 20 seconds.  This was done 3 times for 
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each vial.  During each trial, the number of flies that fell from the top vial back into 
the bottom vial was recorded as well.  
 
Activity Assay:  Individual progeny from crosses Dmel\ELP3/RNAi/B x y1w*; 
P{GawB}60IIA (RNAi) and w1118 x y1w*;P{GawB}60IIA (control) were collected 
upon eclosion and allowed to acclimate to a 12:12 hour light/dark cycle at 29°C for 4 
days after eclosion. After 4 days, individual flies were mouth pipetted into Corning 
Pyrex Glass tubes (65mm length, 5mm diameter) containing Drosophila media at one 
end.  Locomotor activity was monitored with the Drosophila Activity Monitoring 
System (Trikinetics) at 29°C, as per manufacturer’s instructions.  Activity counts 
were recorded every 30 minutes for 24 hours.  A total of 32 flies were used for each 
group (♀RNAi, ♂RNAi, ♀ control, and ♂control).   
 
Digital Video Monitoring:  Individual progeny from crosses Dmel\ELP3/RNAi/B x 
y1w*; P{GawB}60IIA (RNAi) and w1118 x y1w*;P{GawB}60IIA (control) were 
collected upon eclosion and allowed to acclimate to a 12:12 hour light/dark cycle at 
29°C for 72 hours, beginning 4 days after eclosion. At day 3, individual flies were 
anesthetized and transferred to Corning Pyrex Glass tubes (65mm length, 5mm 
diameter) containing Drosophila media at one end.  Movements were monitored at 
29°C and recorded every 5 seconds by use of digital video recording as previously 
described (Zimmerman, Raizen et al. 2008).   
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Real-time RT-PCR: Total RNA was isolated from early pupae of the following 
crosses in quadruplicate: Dmel\ELP3/RNAi/B x da-GAL4, W1118 x da-GAL4 using 
TRIzol (Invitrogen) and treated twice with DNA-free (Ambion) to digest DNA.  
cDNA was prepared using SuperScript II reverse transcriptase (Invitrogen) according 
to manufacturer’s instructions with 1 µg total RNA and 0.2µg/mL random hexamer 
primers (Roche Applied Science).  PCR reactions were performed in a 20 µL reaction 
volume containing 1:4 dilution of 10ng cDNA, 1x Power SYBR® Green PCR Master 
Mix (Applied Biosystems), and 10µM both forward and reverse primers (primer pairs 
available upon request). PCR was performed using ABI 7500 Real-Time PCR system 
(Applied Biosystems) following the manufacturer’s instructions. Fold change in 
mRNA expression were determined by the ΔΔ Ct method (Livak and Schmittgen, 
2001; Yuan et al., 2006).  Cycling parameters: 95°C for 3 min, 45-50 cycles of: 95°C 
for 15 sec, 60°C for 45 sec, followed by dissociation curve step. 
 
Larval NMJ Preparations: 3rd instar larvae were filleted in HL-3 saline, pH7.2 and 
pinned out on Sylgard dishes with guts removed.  Preps were then fixed in 3.5% 
paraformaldehyde. Anti-csp 1° antibody (1:200 dilution of 3µg/mL) overnight 
incubation, 4°C.  Washed 6 times in PBS-T (1x phosphate buffered saline +0.1% 
Triton), incubated in 2° antibody for 1 hour, washed twice in 1x PBS-T, then once in 
1x PBS, then mounted onto slides in Vectasheild antifade mounting media.  Confocal 
microscopy was performed using the Olympus Microscope with fluoview software.  
Synaptic boutons were manually counted.        
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Results 
Ubiquitous reduction of ELP3 in Drosophila results in lethality.   We 
previously identified and cloned the human homologue of ELP3 in Drosophila, now 
referred to as Dmel\ELP3 (FlyBase 2009).  To extend these studies, and explore 
developmental ELP3 function in vivo, we generated an inducible Dmel\ELP3 
knockdown fly to assess potential phenotypes resulting from ELP3 loss.  As no fully 
characterized Dmel\ELP3 mutant alleles in the fly exist to date, we utilized GAL4 
targeted RNAi knockdown technology (Brand and Perrimon 1993) to create 
transgenic flies capable of inducible reduction of endogenous Dmel\ELP3 in specific 
cell and tissue-types of choice.  This strategy has been successfully used for 
functional analysis of numerous genes in Drosophila (Cerrato, Parisi et al. 2006; Zhu, 
Singh et al. 2007; Rushton, Rohrbough et al. 2009).  The Dmel\ELP3/RNAi construct 
was created by selecting a 650 bp RNAi non-conserved target sequence specific for 
Dmel\ELP3 (Figure 1) shown by BLAST searches to exhibit non-redundancy within 
the genome. This Dmel\ELP3 cDNA fragment was next cloned into the GAL4 
inducible expression vector (pUAST) under the control of GAL4-UAS binding sites 
in a sense-antisense inverted gene arrangement separated by a short “hinge region” 
polylinker.  Transcripts originating from this construct are predicted to form a double-
stranded RNA hairpin that will elicit an RNAi response to specifically silence 
endogenous Dmel\ELP3 only in the specific cell and tissue-types where the GAL4 
transcription factor is produced.  Dmel\ELP3/RNAi transgenic fly lines were 
generated via P-element transformation, using the Dmel\ELP3/RNAi GAL4 inducible 
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pUAST construct.  Three independently derived transgenic fly lines with insertions 
for this construct were chosen for use.  The insertions were homozygous viable, and 
did not cause any observable aberrant phenotypes in the absence of GAL4 induction.   
We previously demonstrated by qPCR that ELP3 is expressed throughout the 
fly developmental lifecycle, with expression levels peaking during embryogenesis 
and adulthood (Zhu, Singh et al. 2007).  Thus, to test for efficient ELP3 knockdown 
in our system and to determine whether ELP3 is essential for multicellular 
development, we induced Dmel\ELP3/RNAi expression in the fly using the robust 
GAL4 daughterless (da) driver  (Bloomington stock # 5460).  This strain induces high 
levels of GAL4 constitutively and ubiquitously beginning early in embryogenesis, 
with expression continuing throughout the Drosophila lifecycle, preferentially in the 
nervous system (personal communication, D. Marenda).  Induction of 
Dmel\ELP3/RNAi at 25o C using the da-GAL4 driver for each of the three 
independently derived Dmel\ELP3/RNAi insertion lines resulted in no significant 
reduction of viability and no obvious mutant phenotypes when compared to control 
progeny from a w1118 and daughterless-GAL4 cross (our unpublished results).    The 
activity for GAL4 in inducing gene expression has been shown to increase at higher 
temperatures (Fortier and Belote 2000).  Thus, to elicit a more robust induction of 
Dmel\ELP3/RNAi to induce more potent endogenous ELP3 knockdown, we carried 
out the same fly crosses at 29°C.   Our results revealed that fly viability was 
significantly reduced for each of the three independent lines tested viability for line 
Dmel/ELP3/RNAi line A was reduced to 27% that of control w1118; line B reduced to 
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0% and line C reduced to 0% (data shown for line B, Table 1).    In each case, no 
defects in development were observed until the late pupal stage, which is the stage at 
which the majority of lethality occurred.   The variation in lethality between 
Dmel\ELP3/RNAi line A when compared to lines B and C is likely due to position 
effect variegation on expression due to random transgene insertion.  Transgenic 
Dmel\ELP3/RNAi lines B and C showed the strongest lethal effects, indicating that 
they are the highest expressers of the three independent lines generated.  To verify 
that endogenous Dmel\ELP3 was indeed down-regulated, progeny resulting from a 
cross between Dmel\ELP3/RNAi line B or w1118 control fly lines and the da GAL4 
line were allowed to develop to the pre-pupal stage, before lethality in the late pupal 
stage occurred.   The mRNA level of endogenous Dmel\ELP3 in these samples was 
assessed by quantitative real-time PCR and the fold change in gene expression levels 
between the two fly lines (Dmel\ELP3/RNAi and control w1118) was determined 
(Figure 2).  The gene for the RP49 ribosomal protein was also amplified from each 
sample to serve as an internal specificity and normalization control and importantly, 
its expression level was found to be unaffected by Dmel\ELP3 loss.  Our results 
revealed that endogenous Dmel\ELP3 transcript levels were significantly reduced in 
the Dmel\ELP3/RNAi line B sample by 35 fold (Figure 2), indicating that GAL4 
induced Dmel\ELP3/RNAi expression is robustly silencing endogenous Dmel\ELP3 
expression.   To confirm these results, induction of Dmel\ELP3/RNAi was also 
carried out for each of the independent Dmel\ELP3/RNAi lines A, B, and C using a 
second ubiquitous GAL4 driver 337.  Similar to the da-GAL4 driver results, the 
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progeny from each of these crosses died during the late pupal stage, with lines B and 
C showing the strongest lethal effect and significant knockdown of endogenous 
Dmel\ELP3 at 29oC  (but not at 25oC) when compared to progeny from the control 
w1118 cross (data not shown), further supporting the efficacy of this system.    Taken 
together, our results demonstrate that Dmel\ELP3 is essential for Drosophila 
multicellular development, and support our system as a valuable in vivo model for the 
functional analysis of Dmel\ELP3 during development. 
 
Targeted reduction of Dmel\ELP3 in the brain and central nervous 
system causes an increase in locomotor activity and a loss of sleep in flies.  
Analysis of temporal and spatial patterns of Dmel\ELP3 expression during 
embryogenesis utilizing in situ hybridization experiments  (our unpublished data; 
BDGP gene expression report – accession # CG15433) reveal that high levels of 
Dmel\ELP3 are detected in the nervous tissues, and specifically in the central nervous 
system of the fly.  Moreover, reduction in ELP3 production has been implicated in 
neuronal degeneration associated with amyotrophic lateral sclerosis (ALS) as well as 
familial dysautonomia, a neurodevelopmental and neurodegenerative genetic disorder 
that affects the autonomic and sensory nervous systems (Close, Hawkes et al. 2006; 
Simpson, Lemmens et al. 2009).  To investigate Dmel\ELP3 in the nervous system of 
the fly, we targeted silencing of endogenous Dmel\ELP3 using GAL4 fly line 
y1w*;P{GawB}60IIA, shown by our laboratory and others to induce GAL4 at high 
levels in the brain and central nervous system of the fly.   Induction of our two 
  98 
strongest independent Dmel\ELP3/RNAi fly lines B and C at 29°C resulted in no 
significant reduction of viability when compared to control progeny from a w1118 and 
60IIA-GAL4 cross.   However, visual assessment of the adult Dmel\ELP3/RNAi flies 
from both independent lines B and C revealed that they were far more active and 
jumpy than progeny flies from the control cross.   When Dmel\ELP3/RNAi and 
control flies were gently tapped to the bottom of a vial, upon visual observation we 
noticed a very subtle difference in climbing ability between the flies, in that both 
Dmel\ELP3/RNAi fly lines B and C climbed to the top of the vial slightly faster than 
control flies, where they exhibited continuous movement, including circling the top of 
the vial and rapid jumping.  To further explore this phenotype, we utilized the 
climbing assay, commonly used to validate and quantitatively assess behavioral 
manifestation of nervous system dysfunction.  Wild-type Drosophila display a 
negative geotactic response such that when they are tapped to the bottom of a vial, 
they immediately climb to the top and remain there (Feany and Bender 2000).  This 
natural response is compromised as a result of aging and defects in neurological and 
muscle processes, and thus the ability to climb has been successfully used to monitor 
and quantitate the progression of severity in a number of Drosophila age-related 
neurological disease models (Chan and Bonini 2000; Chen and Feany 2005).  
Dmel\ELP3/RNAi B and control w1118 flies were crossed to 60IIA-GAL4 flies and 
progeny were collected upon eclosion, separated by gender, and acclimated to 12:12 
hour light/dark cycle at 29°C for 4 days.  To test the climbing ability of the 
Dmel\ELP3/RNAi flies, 3 vials each of 20 male or 20 female (120 flies total) progeny 
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from the experimental or control cross were placed in separate plastic vials and gently 
tapped to the bottom of the vial.  The number of flies that climbed passed a pre-
measured 9cm mark up the vial after 10 and 20 seconds was scored at 1,3 and 5 days 
over three 7-day contiguous cycles (22 days total).  The climbing assay was always 
performed at the same time of day to discount possibilities of circadian effects.  The 
results of this assay revealed that the climbing ability of both male and female 
Dmel\ELP3/RNAi flies was slightly more rapid that that of the control w1118 flies over 
the entire 22-day developmental period tested (Figures 3A and 3B).   Induction of 
Dmel\ELP3/RNAi using the pan-neural GAL4 driver elavC155 resulted in a similar 
hyperactive phenotype quantified using video monitoring (data discussed later), 
further confirming the neuronal hyperactive phenotype we observed.   Our results 
indicate that loss of Dmel\ELP3 in all neurons, and specifically in the brain and CNS 
of the fly, results in the flies having a slightly accelerated rate of climbing.    
Another characteristic of flies producing Dmel\ELP3/RNAi in the brain and 
central nervous system using GAL4 driver 60IIA was that they appeared to exhibit 
defects in their locomotor ability.  Dmel\ELP3/RNAi flies that climbed to the top of 
the vials continuously circled the upper portion of the tube, and often executed rapid 
high jumps back down below the 9cm mark of the vial side shortly after climbing to 
the top.   To determine whether this apparent hyperactivity of the Dmel\ELP3/RNAi 
flies was indeed significant, we monitored their locomotor activity utilizing the 
Drosophila Activity Monitoring System (DAMS), a powerful assay used to study and 
quantify gross activity patterns.   In this DAMS assay, flies are placed in a small glass 
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tube, approximately 6 cm long, and an infrared beam is directed through the center of 
the tube.   The gross activity patterns of the flies can then be monitored over several 
days by quantifying the number of times the flies cross the path of the infrared beam, 
thus breaking its path.   To investigate the locomotor defects observed in flies 
producing Dmel\ELP3/RNAi in the brain and CNS, single, staged 4 day old male or 
female progeny from a Dmel\ELP3/RNAi line B or control w1118 and 60IIA-GAL4 
cross at 29oC were each placed in separate DAMS glass tubes (32 males and 32 
females total per genotype) and the number of times the flies broke the infrared beam 
was recorded in 30 minute intervals over a 24 hour period with 12 hour light and dark 
cycles.  The results showed that the Dmel\ELP3/RNAi flies broke the beam a 
significant total number of times more than the control flies, indicating that loss of 
Dmel\ELP3 in the brain and CNS caused a significant increase in the activity of the 
flies (Figure 4A).  DAMS is also a powerful tool for studying gross activity relating 
to circadian periodicity.  To assess whether loss of ELP3 also affected the circadian 
rhythm of the flies, the results from these studies were also analyzed as a histogram 
depicting the average total number of times the infrared beam was broken per 
genotype at each 30 minute interval over the entire 24 hour, 12:12 hour light/dark 
time course.  The results revealed that although the activity of both female and male 
Dmel\ELP3/RNAi flies was significantly increased during the entire 24 hour time 
period, the circadian rhythm of the flies appeared not to be affected (Figures 4B and 
4C).  Taken together, our results demonstrate that loss of ELP3 in the nervous system, 
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and specifically in the brain and CNS results in a significant increase in gross 
locomotor activity over the full duration of their appropriate circadian rhythm pattern. 
The hyperactivity of the Dmel\ELP3/RNAi flies prompted us to ask whether 
loss of Dmel\ELP3 in the brain and CNS also leads specifically to loss of sleep in 
these flies.   The DAMS assay is a powerful tool to investigate and quantify changes 
in gross locomotor activity for different fly genotypes, though it has certain 
limitations for specifically studying sleep.  Such limitations include insensitivity to 
small changes in fly movements associated with sleep, and limited detection of actual 
fly location, which affects the identification of actual quiescent sleep behavior, as 
non-detection of beam breaks in the DAMS assay may not be associated with sleep 
but rather with the fly not being in the vicinity of the infrared beam path.  Thus, we 
opted to use a recently developed technique that utilizes digital video analysis to 
identify distinct small movements that occur during sleep, thus enabling us to 
specifically determine whether loss of ELP3 also induced a lack of sleep in the flies 
(Zimmerman, Raizen et al. 2008).   Single staged 4 day old Dmel\ELP3/RNAi and 
control w1118 progeny from a GAL4-60IIA cross were transferred to 6cm glass tubes 
and behavior recordings of fly sleep carried at 5 second intervals over a 72 hour total, 
12:12 hour light/dark time course.  We quantified data from days 5 and 6 dark periods 
only, as females concentrate most of their sleep at night and have a more regular 
sleeping pattern than males, as males take a mid-day nap (Shaw, Cirelli et al. 2000; 
Huber, Hill et al. 2004; Gilestro, Tononi et al. 2009).  The results from these studies 
revealed that Dmel\ELP3/RNAi flies did indeed sleep a significant amount of time 
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less than the control flies (Figure 5).  Moreover, as these video sleep assays were 
carried out under identical conditions as that of the DAMS assay, they confirmed our 
DAMS results that the Dmel\ELP3/RNAi flies display a significantly greater level of 
activity than control flies over the entire 72 hour time period assessed and that their 
circadian rhythm is unaffected.  Similar sleep loss results were obtained using the 
elavC155 pan-neuronal GAL4 driver (data not shown).  Taken together, our results 
demonstrate that loss of Dmel\ELP3 in the brain and CNS reduces the amount of 
sleep need and increases the amount of activity in the fly, implicating Dmel\ELP3 in 
sleep and activity related neuronal pathways.  
Knockdown of Dmel\ELP3 results in the misregulation of genes involved 
in sleep, vesicle transport and fusion, or heat shock.  Histone acetylation patterns 
within the genome play an important role in regulating specific gene expression 
profiles required for proper cell function.  ELP3 in particular, has been implicated in 
facilitating the transcriptional activation of genes.  To investigate a potential 
molecular basis underlying the increase in activity and loss of sleep phenotypes in the 
Dmel\ELP3/RNAi flies, we asked whether loss of Dmel\ELP3 leads to misexpression 
of genes known to be associated with such phenotypes.   For this analysis, we chose 
to induce ubiquitous silencing of Dmel\ELP3 using the da-GAL4 driver as we had 
demonstrated that this driver induces robust levels of Dmel\ELP3 knockdown in flies 
(Figure 2).  As progeny from this cross die at late pupal stage, mRNA was prepared 
from early pupae (pre-pupae), directly before the lethal pupal stage, to ensure 
potential gene changes were not due to cell death.  The mRNA levels of 12 specific 
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genes from the progeny of a Dmel\ELP3/RNAi or control w1118 with da-GAL4 was 
assessed by quantitative real-time PCR and the fold change in gene expression levels 
between the two fly lines was determined (Figure 6).  The putative target genes 
chosen for this analysis were: heat shock protein Hsp70, heat shock chaperone genes 
HSC70-3 (homolog of the mammalian endoplasmic reticulum chaperone BiP) and the 
cytoplasmic resident chaperone HSC70-4, selected based on the involvement of the 
stress response in sleep; dopamine transporter (DAT) expression, assessed because of 
its association with ADHD (Davids, Zhang et al. 2003; Wallis, Russell et al. 2008); 
the synaptobrevin (SYB) gene (VAMP2 homolog), an ADHD candidate gene and a 
vesicle-associated membrane protein (VAMP) that is part of the SNAP-receptor 
(SNARE) complex and mediates exocytotic vesicle fusion by interacting with specific 
plasma membrane proteins that allow for either cell growth or fusion of 
neurotransmitter containing vesicles required for neuronal firing (Bhattacharya, 
Stewart et al. 2002; Davids, Zhang et al. 2003; Wallis, Russell et al. 2008); 
SLEEPLESS, chosen because loss of this gene results in loss of sleep (Koh, Joiner et 
al. 2008); gelsolin, a cytoskeleton modulator and Atg6 (Beclin human homolog), an 
autophagy gene, both of which are found to be downregulated in FD patient 
fibroblasts and in ELP3/RNAi transfected fibroblasts (Close, Hawkes et al. 2006); 
and superoxide dismutase (SOD1) and TBPH (TARDP, TAR-DNA binding protein 
43), in which particular mutations result in ALS cases with a family history 
(Simpson, Lemmens et al. 2009).  Multiple primer sets for assessing gene expression 
of Hsp70Ab (HSPA1A heat shock 70kDa protein 1A/HSP70-1A human homolog), 
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TBPH, ATG6, and DAT did not work consistently, and those genes therefore could 
not be properly assessed.  Surprisingly, some genes that have already been identified 
as targets of ELP3 misregulation were not shown to be significantly affected.  These 
include gelsolin, beclin, (Close, Hawkes et al. 2006) SOD, and TBPH (Simpson, 
Lemmens et al. 2009).  Insignificant amounts of misexpression could be due to 
different functions for these genes in the fly, or because we assessed a pool of RNA 
from whole pupae and genes that have been found to be misregulated in response to 
ELP3 downregulation have been identified in FD patient fibroblasts (Close, Hawkes 
et al. 2006) and by looking at specific cells (photoreceptors) in mutant flies (Simpson, 
Lemmens et al. 2009).  Significant misregulation of certain genes may be occurring 
most abundantly in specific tissues (i.e. nervous tissues).  Therefore, misregulation of 
these genes in response to ELP3 downregulation may mimic misregulation that 
occurs in human cells  in specific nervous system tissues of the fly.     
The results of our analysis demonstrated that out of the 12 genes assessed, 
three of the genes (HSC3/BiP, SYB and SLEEPLESS) were significantly affected, 
with a marked increase in mRNA levels for BiP and SYB and a marked decrease in 
mRNA levels for SLEEPLESS.  That only certain genes were affected indicate that 
the gene changes we observed were specific.  Surprisingly, loss of Dmel\ELP3 
resulted in the downregulation of certain genes which is not consistent with the 
recognized role of ELP3 as a transcriptional activator, suggesting that these genes are 
either indirect ELP3 targets, or that in some instances, ELP3 like other HATS, is also 
involved in repression of certain genes.   Significantly, each of the affected genes was 
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associated with the increase in activity and decrease in sleep phenotypes we observed 
in our Dmel\ELP3/RNAi flies.  For example, induction of BIP is shown to be 
associated with a decrease in sleep need and upregulation of the SYB gene has been 
shown to be associated with attention deficit hyperactivity disorder (ADHD).   
Finally, SLEEPLESS was specifically identified in a screen for genes associated with 
sleep and mutations in this gene that result in its downregulation result in a decrease 
of sleep in the fly.  These results support an essential role for Dmel\ELP3 in the 
regulation of genes involved in increased activity in the fly.  
     
Loss of Dmel\ELP3 in the nervous system leads to an expansion of 
synaptic boutons in the larval fly neuromuscular junction.   Chemical synapses 
transmit information directionally from a presynaptic cell to a target postsynaptic cell 
via the release of neurotransmitters from the presynaptic terminal or synaptic bouton.  
Such firing of distinct neuronal connections either initiates the muscle contractions 
associated with movement and activity or directly influences learning and behavior.  
Recent studies have demonstrated that sleep loss is associated with synaptic bouton 
expansion (Gilestro, Tononi et al. 2009).   Thus, changes in synaptic density, or 
synaptic plasticity, greatly affect activity, learning, and memory processes.   These 
studies encouraged us to ask whether there was an expansion in synaptic bouton 
formation resulting from Dmel\ELP3 loss, which would provide a potential 
mechanism underlying the increase in activity and decrease in sleep we observed in 
the Dmel\ELP3/RNAi flies.  To explore this possibility, we examined bouton 
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morphology in the fly larval neuromuscular junction, as this system is extremely 
advantageous to the study of synaptic plasticity in that it is very well characterized 
and shows striking conservation of numerous key synaptic molecules identified in 
mammals (Broadie and Bate 1993; DiAntonio, Burgess et al. 1993; Salinas 2005).  
Dmel\ELP3/RNAi and control w1118 flies were crossed to the elavC155 pan-neuronal 
GAL4 driver, and third instar progeny larvae were collected.  Of note, we 
demonstrated that knockdown of Dmel\ELP3 using this driver results in an increased 
activity of the adult flies (data not shown).   To examine bouton morphology, boutons 
at muscles 6 and 7 at abdominal segment A4 were stained with anti-HRP that labels 
the entire presynaptic membrane, cysteine string protein (CSP) that is a specific 
marker of the presynaptic vesicles within boutons, and Phalloidin, a toxin that stains 
muscles, to identify the appropriate muscle groups and abdominal segments.  The 
degree of bouton expansion at the NMJ was determined by counting the number of 
synaptic boutons (Figure 7).  Remarkably, there was a dramatic increase (182%) of 
the total number of synaptic boutons in the Dmel\ELP3/RNAi larvae when compared 
with the wild type control.  Of note, there are two types of boutons that are found 
within larval NMJ muscles 6 and 7.  These boutons are classified as type I small (Is) 
and type I big (Ib) by size.  Type Is boutons have larger stimulation thresholds and 
excitatory junctional currents of larger amplitude while type Ib boutons exhibit more 
pronounced short-term facilitation.  Intriguingly, although both Is and Ib boutons in 
the Dmel\ELP3/RNAi lines were significantly increased when compared to the wild-
type control, there was a substantially larger expansion of type Is boutons when 
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directly compared to Ib  (329% increase of type Is to 129% increase of type Ib), 
supporting partial specificity in Dmel\ELP3 function in certain bouton types.  In 
support of this concept, “satellite” bouton budding, a process that involves the 
budding of bouton(s) from one central bouton on the main branch, was 
indistinguishable in the Dmel\ELP3/RNAi flies when compared to the wild-type 
control, suggesting that Dmel\ELP3 does not affect this process.  Taken together, our 
results indicate that Dmel\ELP3 plays a role in controlling the level of synaptic 
bouton expansion and displays at least some specificity in preferentially controlling 
type Is bouton formation.   
 
Discussion 
The histone acetyltransferase Elp3 purifies as a core catalytic component of the 
six-subunit complex termed holo-Elongator, identified through its association with the 
hyperphosphorylated elongating form of yeast RNA polymerase II.   Studies in 
mammalian cells demonstrate that Elp3 is essential for acetylation of histone H3 and that 
loss of Elp3 results in a decrease in the transcriptional activity of certain genes required 
for cell motility, (Close, Hawkes et al. 2006), supporting an epigenetic-based role for 
Elp3 in gene regulation.    Moreover, recent studies support a cellular-based role for 
Elp3 in the acetylation of a- tubulin required for the migration and differentiation of 
projection neurons during corticogenesis.  Consistent with its role in neuronal cell 
motility, misregulation of Elp3 has been implicated in a number of human disorders that 
specifically affect neuronal function, including Familial dysautonomia (FD), a 
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neurodevelopmental and neurodegenerative genetic disorder with severe pathological 
consequences, and the motor neuron degenerative disorder amyotrophic lateral sclerosis 
(ALS).  Such studies underscore the importance of Elp3 in neurogenesis and the need to 
further characterize the specific neuronal specific pathways that require Elp3.  In this 
report, we explore the in vivo role of Elp3 in the developing Drosophila nervous system.  
We demonstrate that loss of ELP3 leads to synaptic bouton expansion in the larval 
neuromuscular junction that subsequently reduces sleep need in adult Drosophila.  Our 
results support a novel role for Elp3 in the regulation of synaptic bouton formation in the 
developing nervous system.   
To initially explore developmental ELP3 function in vivo, we generated 
inducible RNAi Dmel\ELP3 knockdown flies to assess potential phenotypes resulting 
from ELP3 loss.  Our results revealed that targeted reduction of Elp3 in all tissues of 
the fly resulted in a significant reduction in fly viability.  Contrary to our findings, 
prior studies in yeast reveal that loss of Elp3 leads to limited phenotypic 
consequences in that elp3 mutants are viable and show only a slow growth phenotype.  
Although our studies are the first to explore the phenotypic consequences of knocking 
out Elp3 in a multicellular model system, studies of Elp3 function in mammalian cell 
types indicate that loss of Elp3 indeed leads to severe defects in certain specific 
cellular processes.   For example, loss of ELP3 in human HeLa cell lines leads to 
repression of certain genes that encode proteins required for cell motility and cell 
migration of Elp3 depleted neuronal cells and fibroblasts from FD patients both 
display a significant reduction in cell motility (Close, Hawkes et al. 2006).  More 
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recently, studies using mouse cortical neuronal cells directly implicate Elp3 in the 
acetylation of tubulin that controls the migration and differentiation of cortical 
neurons.   Based on these findings, we speculate that as multicellular development in 
our Elp3 depleted flies proceeds, disruption of the cell specific processes that require 
Dmel\ELP3 accrue over time, ultimately culminating in the lethality we observe.  
We found that loss of ELP3 in the nervous system of Drosophila results in a 
significant increase in their gross locomotor activity throughout the duration of their 
normal circadian rhythm pattern using the DAMS assay.  Remarkably, these flies also 
displayed a significant increase in synaptic bouton number in the larval 
neuromuscular junction (NMJ), suggesting an essential role for Elp3 in regulating 
synaptic bouton expansion.  Consistent with these findings, we show that flies 
ubiquitously depleted in Elp3 display an upregulation of synaptobrevin (SYB)/vesicle 
–associated membrane proteins (VAMP2) gene expression (Figure 6).  
Synaptobrevins reside on exocytotic vesicles and mediate their fusion by interacting 
with specific plasma membrane proteins that allow for either cell growth or fusion of 
neurotransmitter containing vesicles required for neuronal firing.   The SYB gene has 
also been identified as an ADHD candidate gene (Davids, Zhang et al. 2003; Wallis, 
Russell et al. 2008).  Taken together, our results support a model by which loss of 
ELP3 in the nervous system of flies leads to an increase in synaptic bouton formation 
and synaptobrevin production.  Such changes in the nervous system increases the 
level of fusion of neurotransmitter containing vesicles with the plasma membrane, 
leading to enhanced neuronal cell firing and the hyperactivity we observe in the flies.  
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Upon observation that downregulation of Dmel\ELP3 in the nervous system 
results in flies that sleep less, and with recent evidence that shows that changes in 
many synaptic markers occur as a function of sleep and wakefulness in Drosophila 
(Gilestro, Tononi et al. 2009), we explored the role of Dmel\ELP3 misregulation in 
synaptogenesis.  Gilestro et al. found that wild-type flies that were mechanically 
stimulated to stay awake expressed higher levels of certain proteins that are central to 
synapse formation.  These were: bruchpilot (BRP), cysteine string protein (CSP), 
syntaxin (Syx), and synapsin (Syn), all of which are presynaptic proteins, and of the 
Discs-large protein (DLG), which is mainly postsynaptic.  Levels of BRP, DLG, and 
CSP increased with an increase in the amount of time of sleep deprivation.  These 
levels decreased in flies after recovery sleep.  This data suggests that sleep is required 
to downscale synapses in the Drosophila brain and at the Drosophila neuromuscular 
junction (NMJ).  According to the data, potentiation of the synapses occurs while 
flies are awake and increases with an increase in the amount of wakefulness.  
Downscaling of synapses during sleep may be necessary to lower energy 
consumption, free up space for synapses to grow during the next waking period, and 
decrease cellular stress caused by the synthesis and delivery of e.g. synaptic vesicles. 
The Drosophila larval neuromuscular junction is a very valuable model system for 
investigating neuronal plasticity and the molecular and cellular components 
underlying plasticity.  We examined the nmj of Drosophila 3rd instar larvae that 
innervates muscles 6 and 7 (at abdominal segment A4) to determine whether 
Dmel\ELP3 downregulation results in bouton expansion/retraction.  The strength of a 
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synapse can be altered via changes in pre- and post-synaptic molecules, however 
HAT misregulation in particular has not yet been shown to epigenetically 
alter/control synaptic plasticity at the NMJ.  Although, it has been suggested that a 
specific histone deacetylase (HDAC), HDAC2 in mice functions to modulate synaptic 
plasticity and long-lasting changes of neural circuits, thereby negatively regulating 
learning and memory (Guan, Haggarty et al. 2009).  It would not be surprising then to 
find that HATs themselves are also implicated in synaptic plasticity and long lasting 
changes of neural circuits.  Functions of certain synaptic proteins have been identified 
and Gilestro et al. show that synaptic strength is increased with increased 
wakefulness.  We show that downregulation of Dmel\ELP3 in the nervous system 
results in flies that sleep less.  Upon observation of boutons on muscles 6 and 7 
(abdominal segment A4), we found that a decrease in Dmel\ELP3 results in an 
increase of Is boutons and to a lesser extent Ib boutons.  Notably, microtubules (MTs) 
take a looped morphology when growth cones are in a paused state, e.g. before the 
synaptic bouton is formed at the Drosophila larval NMJ (Roos, Hummel et al. 2000). 
The MT loop transiently breaks down in order to sprout new synaptic boutons, 
thereby allowing MT polymerization and transport, which is followed by the 
reformation of the MT loop at both the old and newly formed bouton (Dent and 
Gertler 2003).  Creppe and Malinouskaya et al. (2008) show that acetylation of α -
tubulin by Elongator is important for the maturation of cortical projection neurons.  In 
our flies, if acetylation of α -tubulin is being decreased via decreased expression of 
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ELP3, and therefore destabilizing the cytoskeleton, it is plausible to suggest that MT 
destabilization is also increased, and hence bouton formation is increased as well.    
With an increased number of total boutons and having shown that all of these 
boutons are expressing the secretory machinery protein cysteine string protein (CSP), 
we can assume that higher levels of CSP are present at the mutant nmjs as compared 
to controls.  We would expect with increased wakefulness, decreased sleep, and 
increased number of neurotransmitter-releasing boutons (if functional), that the flies 
would die early from constant increased activity, lack of sleep, and cellular stress 
caused by an increase in exocytosis from pre-synaptic terminals.  However, this was 
not the case – Dmel\ELP3 flies crossed to the neuronal GAL4 drivers 60IIA and 
elavC155 had no decrease in lifespan as compared to controls.  This could be due to the 
fact that the molecular chaperone HSC70-3 (BiP) was upregulated following ELP3 
reduction (Figure 5).  BiP is upregulated in flies (and rat) during wake and in sleep 
deprived flies as compared to flies allowed to rest (Shaw, Cirelli et al. 2000; Naidoo, 
Casiano et al. 2007).  Furthermore, Cycle mutants (cyc01) begin to die after 10 hours 
of sleep deprivation, while wild type (CantonS) flies begin to die after 60-70 hours f 
sleep deprivation, suggesting that the cyc01 flies are more sensitive to sleep 
deprivation than wild type flies.  Increased stress, such as heat elevation or sleep 
deprivation should induce the expression of stress response genes such as Hsp83, 
Hsp70, and Hsc70-3 (BiP).  In cyc01 flies, expression of these stress response genes is 
increased when the flies are exposed to elevated temperatures; however, when cyc01 
flies are sleep deprived, the aforementioned stress response genes are actually 
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downregulated.  Importantly, sleep-deprived cyc01 flies that were first exposed to heat 
for 3 hours to induce expression of stress protection genes before sleep deprivation 
had much lower mortality rates than those that were sleep deprived only (Shaw, 
Tononi et al. 2002).  This highlights the importance of stress response genes in the 
protection of lethal effects of sleep deprivation in flies.  Hsc70-3 was indeed 
upregulated in our Dmel\ELP3 flies (Figure 6), and we can make the assumption that 
this was a sleep deprivation, stress-related response.  Taken together, we can 
speculate that sleep itself is not only reduced, but rather sleep need is reduced due to 
protection against lethal effects of sleep deprivation.   
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Chapter 4: 
The histone demethylase Dmel\Kdm4A controls genes required for 
lifespan and male-specific sex-determination in Drosophila 
 
Abstract 
Histone methylation plays an important role in regulating chromatin-mediated 
gene control and epigenetic-based memory systems that direct cell fate.   Enzymes 
termed histone demethylases directly remove the methyl marks from histones, thus 
contributing to a dynamically regulated histone methylated genome, however the 
biological functions of these newly identified enzymes remains unclear.  The 
JMJD2A-D family belongs to the JmjC domain-containing family of histone 
demethylases (JHDMs).    Here, we report the cloning and functional characterization 
of the Drosophila HDM gene Dmel\Kdm4A that is a homolog of the human JMJD2 
family.  We show that homologs for three human JHDM families, JHDM1, JHDM2 
and JMJD2 are present in Drosophila and that are each expressed during the 
Drosophila lifecycle.  Disruption of Dmel\Kdm4A results in a reduction of the male 
lifespan and a male-specific wing extension/twitching phenotype that occurs in 
response to other males, and is reminiscent of an inter-male courtship phenotype 
involving the courtship song.  Remarkably, certain genes associated with each of 
these phenotypes are significantly downregulated in response to Dmel\Kdm4A loss, 
most notably the longevity associated Hsp22 gene and the male sex-determination 
fruitless gene.  Our results have implications for the role of the epigenetic regulator 
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Dmel\Kdm4A in the control of genes involved in lifespan and male-specific sex-
determination in the fly.      
 
Introduction 
Histones are chromatin proteins that play an important role in DNA packaging 
and gene regulation. The initial level of chromatin packaging consists of the 
nucleosome, made up of DNA wrapped around two copies each of core histone 
proteins H2A, H2B, H3 and H4.  Histones are subjected to a wide variety of covalent 
modifications that include acetylation, phosphorylation and methylation (Berger 
2002; Felsenfeld and Groudine 2003; Fischle, Wang et al. 2003; Martin 2005; Luger 
2006).  Distinct combinatorial patterns of such modifications are believed to serve as 
epigenetic marks that control chromatin packaging and subsequent gene expression 
by providing recognition sites for downstream chromatin regulatory factors (Nowak 
and Corces 2000; Rice and Allis 2001; Fischle, Wang et al. 2003; Bottomley 2004).  
Histone methylation plays an important role in many biological processes 
including heterochromatin formation, homeotic gene silencing, X-chromosome 
inactivation, genomic imprinting and transcriptional regulation (Lachner, O'Carroll et 
al. 2001; Feinberg, Cui et al. 2002; Santos-Rosa, Schneider et al. 2002; Margueron, 
Trojer et al. 2005; Martin and Zhang 2005; Martin 2005) and may exist on both the 
lysine (K) and arginine (R) residues of histones.  Lysine methylation can occur on a 
variety of specific sites on histone H3 (K4, K9, K27, K36, and K79) and histone H4 
(K20), thus allowing for the generation of distinct histone methylation patterns that 
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directly influence chromatin regulated cellular processes.  Importantly, lysine 
residues can also be mono-, di-, or trimethylated, and such differential methylation 
states serve to diversify the docking sites for effector chromatin proteins and 
modifiers, thus underscoring the complexity of histone methylation in regulating 
biological processes (Zhang and Reinberg 2001; Santos-Rosa, Schneider et al. 2002; 
Wang, Wysocka et al. 2004).  Histone methylation had long been considered an 
irreversible epigenetic mark, however this viewpoint was challenged with the 
discovery of the first H3-K4 and K9 specific histone demethylase (HDM) LSD1 
(Metzger, Wissmann et al. 2005; Shi, Matson et al. 2005).  Since then, numerous 
different HDMs have been discovered that display distinct substrate and methylation 
conversion state specificity, supporting the concept that histone methylation, like 
acetylation, is a reversible and dynamically regulated process (Chang, Chen et al. 
2007; Shi 2007).   Investigation of the specific biological roles of these newly 
identified HDMs will undoubtedly contribute to our understanding of histone 
methylation regulated cellular processes in development and disease.   
 The JmjC-domain-containing histone demethylases (JHDMs) represent the 
largest class of HDMs (Wang, Wysocka et al. 2004; Tsukada, Fang et al. 2006; Shin 
and Janknecht 2007).  These HDM enzymes are characterized by containing a 
conserved JmjC domain that catalyzes lysine demethylation of histones via an 
oxidative reduction reaction that requires iron Fe(II) and alpha- ketoglutarate (aKG) 
cofactors.  Unlike LSD1, that reduces only mono- and dimethyl lysine modifications 
(Shi, Matson et al. 2005), certain JHDM family members can also reduce tri- histone 
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lysine-methylation states  (Tsukada, Fang et al. 2006; Whetstine, Nottke et al. 2006; 
Shi 2007).  Additionally, different JHDM families display distinct substrate 
specificity.  For instance, the JHDM1 family reduces H3K36, the JHDM2 family 
reduces H3K9 while certain members of the JHDM3/JMJD2 family can reduce both 
H3K9 and H3K36.  There are four JHDM3/JMJD2 genes within the human genome, 
designated JHDM3/JMJD2A-D (here, they will be referred to as JMJD2A-D for 
simplicity) (Tsukada, Fang et al. 2006; Whetstine, Nottke et al. 2006).  It has been 
suggested that JMJD2D gave rise to two additional human genes, JMJD2E and 
JMJD2F via local retrotransposition.  Genes JMJD2A-C encode for proteins 
containing N-terminal JmjC and JmjN domains, followed by two C-terminus PhD 
domains and two Tudor domains (Klose, Kallin et al. 2006; Whetstine, Nottke et al. 
2006).  In contrast, the JMJD2D family member encodes for a shorter protein product 
that lacks the C-terminal PHD and Tudor domains (Klose, Kallin et al. 2006).      
 Prior in vitro analysis of the catalytic activity of the four human JMJD2A-D 
protein family members reveals differences in both their substrate specificity and 
their ability to mediate different degrees of demethylation, supporting distinct 
biological functions for these family members.    For example, while all JMJD2 
family members can reduce H3-K9Me1, only JMJD2A and C have the capacity to 
also reduce H3-K36Me3.  Additionally, while JMJD2A-D can all convert H3-K9Me3 
to H3-K9Me2, only JMJD2D can reduce H3-K9Me3 to H3-K9Me2 and H3-K9Me1 
(Whetstine, Nottke et al. 2006; Shin and Janknecht 2007; Shin and Janknecht 2007).   
However, although these newly identified HDMs are now well characterized in terms 
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of their enzymatic specificity and activity, the biological role of these proteins during 
multicellular development remains to be elucidated.   
Here, we report the cloning and functional characterization of the Drosophila 
HDM gene Dmel\Kdm4A that is a homolog of the human JMJD2 family.  We show 
that homologs for the three main human JHDM families, JHDM1, JHDM2 and 
JMJD2 (Klose, Kallin et al. 2006; Tsukada, Fang et al. 2006), are each present in 
Drosophila and that each is expressed during the Drosophila lifecycle.  Disruption of 
Dmel\Kdm4A in the fly results in a reduction in the male  lifespan and a male-
specific wing extension/twitching phenotype that occurs in response to the presence 
of other males, and is reminiscent of an inter male courtship phenotype involving the 
courtship song (Certel, Savella et al. 2007).  Remarkably, certain genes associated 
with each of these phenotypes are significantly downregulated in response to 
Dmel\Kdm4A loss, most notably the longevity associated heat shock protein 22 
(Hsp22) gene (Morrow, Battistini et al. 2004) and the male sex-determination  
fruitless gene (Dickson 2002; Dickson 2008), in which mRNA levels in male flies is 
almost undetectable.  Taken together, our results support an essential role for 
epigenetic regulator Dmel\Kdm4A in the transcriptional activation of genes required 
for lifespan control and male-specific sex-determination and courtship behavior. 
 
Materials and Methods 
Identification of D. melanogaster histone demethylases, isolation of cDNA clones 
and DNA sequencing. BLAST searches were carried out using the BLAST algorithm 
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at both FLYBASE (1999) and NCBI with sequences corresponding to either 
JHDM1B, JHDM2B and JHDM3/JMJD2A.  Drosophila sequences were identified 
that displayed high homology to each of these sequences (CG11033 for 
Dmel\JHDM1, CG8165 for Dmel\JHDM2 and CG15835 for Dmel\Kdm4A).  As we 
failed to identify a cDNA clone corresponding to Dmel\Kdm4A in the expressed 
sequence tag (EST) database at the time we began this work, we cloned a cDNA 
using RT-PCR.   Total RNA was isolated from Canton S. D. melanogaster pupae or 
adult flies using TRIzol (Invitrogen) and treated twice with DNA-freeTM (Ambion) to 
remove DNA.  First strand cDNA was prepared using the SuperScriptTM II reverse 
transcriptase kit (Invitrogen) according to the manufacture’s instructions with 1µg 
total RNA and 15 ng/µL of random hexamer primers (Roche).   The full ORF for 
Dmel\Kdm4A was amplified by PCR using the forward primer, 5’-GAT 
ATAAAGCGGCCGCGCCATCATGTCCACGAGATCTTCATTCGCC3’ 
containing  eight additional base pairs to aid in restriction enzyme digest (underlined), 
a NotI site (bold), followed by a KOZAC sequence (in italics), and sequence 
corresponding to the first 7 codons of Dmel\Kdm4A.  The reverse strand primer, 5’-
GCTCTAGATCATCATCAATCCTCGTCGTCAAGTGTGAG-3’ contained eight 
additional base pairs to aid in restriction digest, a XbaI site (bold), followed by two in 
frame stop codons (italics), and the last five codons of Dmel\Kdm4A.  PCR reactions 
were carried out using Expand™ High Fidelity PCR System (Roche) according to the 
manufactures instructions using 400 nM of each forward and reverse primers.  The 
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cycling parameters were 30 cycles of 95° for 2 min, 55° for 1 min, and 72° for 3 min, 
using Mastercycler (Eppendorf). The correct sized PCR amplification products were 
cloned into the TOPO pCR2.1 vector (Invitrogen) according to the manufacture’s 
instructions.  The entire insert DNA sequence for each of these constructs was 
determined by the University of Pennsylvania DNA Core Sequencing Facility, 
Philadelphia, PA. 
 
Semi-Quantitative RT-PCR of staged Drosophila RNA.  Total RNA was isolated 
from staged Canton S. D. melanogaster (12-24h embryo, 1st instar larvae, 2nd instar 
larvae, 3rd instar larvae, pupae, and adult fly) using TRIzol (Invitrogen) and treated 
twice with DNA-freeTM (Ambion) to remove DNA.  First strand cDNA was prepared 
using the SuperScriptTM II reverse transcriptase kit (Invitrogen) according to the 
manufacture’s instructions with 1µg total RNA and 15 ng/µL of random hexamer 
primers (Roche).   Primer sets for Dmel\JHDM1 (forward primer: 5’-
CGCGTGAAACAGGAGATAAAG3’, reverse primer: 
GCTGGTGGCAATCACACTAATAG3’) amplified a 464-bp fragment, 
Dmel\JHDM2 (forward primer: 5’-GTTTTCAGTGCATGACCAAG-3’, reverse 
primer: 5’ GGCAACGAGCTCTAGTGATG-3’) amplified a 417-bp fragment and 
Dmel\Kdm4A (forward primer: 5’-GTTTCCAGCCAGAGCGATAC-3’, reverse 
primer: GACAGGGCAGTTCATTCCATAG3) amplified a 401-bp fragment and 
RP49 (forward primer: 5’-5`GCCCAGCATACAGGCCCAAG3`3’, reverse primer: 
 121 
5’ CGTTCTCTTGAGAACGCAGG3 3’) amplified a 402-bp fragment.  All PCR 
reactions were carried out in triplicate in 40 µl total reaction volumes containing: 0.5 
U Taq (Qiagen), 1 µl cDNA (from the RT reaction described above), 250 µM dNTPs 
(Amersham Pharmacia Biotech), and 10 µM each of forward and reverse primer.  The 
PCR cycling conditions were: 34 cycles at 95° for 3 min , 55° for 1 min, and 72° for 1 
min with a 7 min. extension after each cycle.  
 
q-PCR analysis: Total RNA was isolated from 21 day old male Dmel\Kdm4A P-supp 
and Dmel\Kdm4AREV flies using TRIzol (Invitrogen) and treated twice with DNA-
free (Ambion) to remove DNA. cDNA was prepared using the SuperScript II reverse 
transcriptase kit (Invitrogen) according to the manufacturer’s instructions with 1 µg 
total RNA and 0.2µg/mL random hexamer primers (Roche Applied Science). PCR 
reactions were performed in a 20 µL reaction volume containing cDNA, 1x Power 
SYBR® Green PCR Master Mix (Applied Biosystems), and 10µM both forward and 
reverse primers (primer pairs available upon request). PCR was performed using an 
ABI 7500 Real-Time PCR system (Applied Biosystems) following the 
manufacturer’s instructions. Fold change in mRNA expression were determined by 
the ΔΔCt method (Livak and Schmittgen 2001; Yuan, Reed et al. 2006).  
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Immunohistochemical staining of embryos:  
The antibodies used in immunohistochemical staining of embryos were as follows: 
mouse anti-ELAV (Developmental Studies Hybridoma Bank, University of Iowa); 
mouse anti-REPO (Developmental Studies Hybridoma Bank, University of Iowa); 
mouse 22C10 (Developmental Studies Hybridoma Bank, University of Iowa); biotin-
conjugated anti-mouse secondary antibody (Vectastain ABC Elite kit; Vector 
Laboratories); biotin-conjugated anti-rat secondary antibody (Vector Laboratories).  
Embryos collected from grape-agar plates (Flystuff) were dechorionated with 50% 
Clorox bleach, rinsed with 0.1% Triton-X solution in water, then transferred to 
eppendorf tubes.  To fix eggs, the Triton-X solution was removed and equal volumes 
of 4% paraformaldehyde in PBS and heptane (1ml) were added.  The tubes were 
gently and continuously shaken for 2 minutes by hand before removing first the 
bottom paraformaldehyde phase and then the top heptane phase.  Eggs were 
devitellinized in a 1:1 heptane/methanol mixture (1ml), rinsed once with methanol, 
and then washed twice with PT (PBS, 0.1% Tween-20).   
Antibody staining was performed by first washing the embryos in phosphate-
buffered saline (PBS) every 30 minutes with 0.1% Tween (PBT) over a 3 hour period 
at room temperature. Embryos were incubated with primary antibody (diluted 1:500 
in PBT) overnight at 4°C in 1.5 ml microcentrifuge tubes with constant rotation.  
Embryos were washed with PBT every 30 min for 3 h at room temperature.  
Biotinylated anti-mouse secondary antibody (Vectastain ABC Elite kit; Vector 
Laboratories) diluted 1:400 in PBT was added to the embryos and incubated 
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overnight at 4°C.  Embryos were then washed with PBT every 30 min over a 3 hour 
period at room temperature and incubated in biotin–streptavidin–horseradish 
peroxidase complex (Vectastain ABC Elite kit; Vector Laboratories) at room 
temperature for 1.5 h. Embryos were then washed eight times in PBT for 2 h.  The 
signal was developed by incubation with 500 µl ImmPACT DAB (Vector 
Laboratories) in the presence of 1 µl of 10% H2O2. The reaction was terminated by 
washing the embryos with PBT and then with ethanol. The embryos were mounted in 
methyl salicylate and viewed with Zeiss Axioplan2 optics. 
 
Identification of Dmel\Kdm4AP-supp and revertant fly lines.  The P-element 
suppressor of Dmel\Kdm4A was identified by searching for stocks under the gene 
accession number for the gene: CG15835 at Flybase.org.  The Bloomington fly stock 
number is 13828 and the genotype is: y1 w67c23; P{SUPor-P}CG15835KG04636.  These 
flies were designated as line Dmel\Kdm4AP-Supp.  To create Dmel\Kdm4A revertant 
fly lines, the P-element was remobilized and excised as described (Palladina et al., 
2002).  Such excision flies were examined for precise excision of the P-element by 
single fly genomic PCR.  Briefly, single male and female flies from the 56 potential 
P-element excision lines were collected.  Genomic DNA was extracted by 
homogenizing flies in SB buffer (10 mM Tris-Hcl pH 8.0, 1mM EDTA, 25 mM 
NaCl, 200 g/ml Proteinase K) and the crude DNA extract was directly used for PCR 
reactions.  To verify the presence of a single P-element insertion in Dmel\Kdm4AP-
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Supp, sequencing was carried out on genomic DNA using primers P2 and P3, 
corresponding to the 3’ and 5’ends of the P-element, respectively.  Precise excision 
was verified using PCR with primer sets P1 and P2, corresponding to the 5’ genomic 
insertion site and 3’ end of the P-element, respectively and primer sets P3 and P4 
corresponding to the 5’ end of the P-element and 3’ end of the genomic insertion site 
sequence.  The primers were: P1 (5’-GAGATTCGTTTCGCTTGCTT-3’),  
P2(5’-GGCAAGAAAGTAGGTTGATAAAGC-3’),  P3(5’- 
GTCTGACCTTTTGCAGGTGC-3’), and P4 (5’-GCTGGATGTTGATTTGCTGG-
3’).  All PCR fragments were sequenced to confirm their correct identity. 
 
Climbing assay.  The climbing assay was performed as follows.  Twenty female flies 
and twenty male flies (forty flies total) were placed in plastic vials.  The number of 
flies at the top of the vial were counted after either 7s or 18s of climbing over a period 
of 14 days.  Each time point was repeated a minimum of five times and a maximum 
of ten times.  The experiment was repeated three independent times with similar 
results obtained from each experiment.  
 
Longevity assay.  Staged male and female flies were collected at 0-24 hours and 
grown separately after eclosion to eliminate the affect of mating on longevity.  113 
Canton S males, 112 Canton females, 222 Dmel\Kdm4AREV A male, 196 
Dmel\Kdm4AREV A females, 226 Dmel\Kdm4AP-supp males and 194 Dmel\Kdm4AP-
supp females were maintained in embryo collection chambers capped with grape juice 
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plates.  The plates were applied with fresh yeast paste and changed every day and the 
number  of dead flies was recorded.  The data was analyzed using 2-way ANOVA 
with SAS programming and Microsoft Excel.  
 
Twitching Assay.  Staged 0-24 hour Dmel\Kdm4AP-Supp and Dmel\Kdm4AREV A    
male and female flies were collected in separate vials and allowed to acclimate for 4 
days.  10 vials containing 3 male flies and 10 vials containing 3 female flies (60 flies 
total) were observed and the number of times the flies twitched was counted over 5 
minutes.  The number obtained was divided by 3 to calculate average number of 
twitches per fly.       
 
Results 
Identification and cloning of the Drosophila Dmel\Kdm4A gene that is a homolog 
of the human JMJD2 gene family.   To identify human homologs of the JMJD2 
gene family in Drosophila, conserved sequences within the JMJD2 genes were used 
to query the Drosophila Genome database for genomic DNA encoding homologous 
sequences.  Two homologous genes (accession numbers: CG15835 and CG33182) 
were identified that were both located on chromosome 2, arm 2R: 3810274 to 
3812488 and 9073721 to 9035781 respectively.  Both proteins displayed the greatest 
structural similarity to family member JMJD2D in their protein structure, as both of 
them lacked the C-terminal PHD and Tudor domains.  As the conceptual protein 
product encoded by gene CG15835 displayed a greater homology to the JMJD2 
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family due to its longer N-terminus, it was chosen for further analysis (Figure 2).  
Because no EST cDNA clones were available for CG15838 at the time we began this 
work, we cloned the gene using an RT-PCR based strategy on RNA isolated from 
Canton S pupae.  The expected 1487 bp PCR product was cloned into the TOPO 
vector and the full sequence was determined and aligned to the CG15835 gene 
sequence at FlyBase.   Four nucleotide differences were identified and these same 
base pair changes were also found to be present in cDNA clones prepared from  RNA 
isolated from adult Canton S flies (Figure 1).  Importantly, these changes did not alter 
the amino acid sequence of the CG15835 conceptual translation product posted at 
FlyBase.   
Analysis of the conceptual translation product for the CG15835 gene 
(designated Dmel\Kdm4A) indicated that this isolated Drosophila gene is the 
homolog of the human JMJD2 family.  First, an alignment between the Dmel\Kdm4A 
and each of the human JMJD2D proteins demonstrated significant homology over 
their entire coding sequences  (Figure 2).   Structural protein data obtained using the 
conserved domain architecture retrieval tool (CDART) at NCBI demonstrated that the 
predicted protein domains specific for Dmel\Kdm4A and their locations within the 
protein are highly conserved between the human JMJD2D protein and Dmel\Kdm4A; 
both human family member JMJD2 and Dmel\Kdm4A each contain JmjN and JmjC 
domains within their N-termini and do not contain the C-terminal PhD and Tudor 
domains that JMJD2A-C contain.  However, despite the strong structural similarity 
between human JMJD2D and Dmel\Kdm4A, Dmel\Kdm4A displays the highest 
 127 
amino acid conservation with JMJD2A: 63% identity and 80% similarity and 
JMJD2C: 63% identity and 81% similarity (Figure 2).  Taken together, our data 
strongly indicate that the Dmel\Kdm4A gene is homologous to the human JMJD2 
family.  
 
Drosophila homologs of the three main JHDM families are each expressed 
during Drosophila development.  To determine whether additional JHDM family 
members are also present in Drosophila, we carried out data base searches which 
revealed the presence of Drosophila homologous sequences corresponding to JHDM1 
and JHDM2.  Analysis of the conceptual protein sequence of each gene indicated the 
presence of the distinct conserved domains specific for their classification (Figure 2).  
To determine whether these genes were expressed during the Drosophila lifecycle, 
RNA was isolated from staged Drosophila melanogaster (12-24 h staged embryos, 
first, second and third instar larvae, pupae, adult flies) and DNaseI treated.  cDNAs 
were generated for each developmental stage by RT priming with random hexamers 
and the RT products were amplified using PCR with primer pairs specific for each 
HDM.  Importantly, primers amplifying the gene for ribosomal protein RP49 were 
used as an internal control.  In general, we found that each of the three HDM 
transcript levels were present  during the Drosophila lifecycle (Figure 3).  These data 
demonstrate that Drosophila contains actively transcribed homologous genes for each 
of the human Jmc family member homologs analyzed, and that each of these JHDM 
genes are expressed during the Drosophila life cycle. 
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Disruption of the Dmel\Kdm4A gene causes a male-specific wing 
extension/twitching phenotype. To decipher the cellular function of Dmel\Kdm4A 
during Drosophila development, we identified a P-element insertion fly line from the 
FlyBase collection that contained a single 11.4 kb P-element inserted 76 bp 
downstream of the Dmel\Kdm4A start codon (Figure 4A).  Sequence analysis 
confirmed that this was a single P-element insertion that disrupted only the 
Dmel\Kdm4A ORF and that no other genes were located in close proximity of the 
insertion site (Figure 4B).  RT-PCR analysis using RNA isolated from male and 
female adult flies with primers spanning the entire Dmel\Kdm4A ORF demonstrated 
that Dmel\Kdm4A transcripts were completely absent in female flies and were 
significantly reduced in males (Figure 4B). These results confirmed that this P-
element insertion disrupted Dmel\Kdm4A gene transcription and we designated this 
fly line Dmel\Kdm4AP-Supp.   The characterization of this fly line provided us with the 
opportunity to study the biological function of Dmel\Kdm4A in the Drosophila 
multicellular developmental model setting. 
Initial characterization of the Dmel\Kdm4AP-Supp flies revealed that the flies 
displayed a twitching of their wings when compared to wild-type Canton S flies.  The 
Dmel\Kdm4AP-Supp flies extended and shook their wings in quick succession, making 
it appear as if their wings were twitching.  This phenotype appeared at approximately 
five days of age and appeared to become more apparent as the flies aged.   To confirm 
that the twitching phenotype we observed was specifically due to lack of 
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Dmel\Kdm4A transcript, we re-mobilized the P-element to excise it from the 
Dmel\Kdm4A gene.  Two independent lines of flies, shown by sequence analysis to 
carry precise excisions (designated Dmel\Kdm4AREV A and Dmel\Kdm4AREV B ) 
restored Dmel\Kdm4A transcript levels back to those comparable to wild-type flies 
(Figure 4C).   Initial observation revealed that both the precise excision independent 
fly lines showed no evidence of the twitching phenotype.  Importantly, a quantitative 
twitching assay of staged 5 day old flies (the stage when the phenotype is first readily 
observable) revealed that the average number of wing extension/twitches per 
Dmel\Kdm4AP-Supp male flies was significantly higher than that of female 
Dmel\Kdm4AP-Supp flies and both male and female Dmel\Kdm4AREV A control flies 
(Figure 5).  Remarkably, this careful behavioral analysis revealed that the male-
specific Dmel\Kdm4AP-Supp wing extension/twitching we observed was identical in 
appearance to the previously described unilateral wing extension and vibration used 
to produce the ritualistic courtship song (Billeter, Rideout et al. 2006; Certel, Savella 
et al. 2007; Dickson 2008) and did not occur randomly, but almost exclusively as a 
result of male specific interaction.   This behavior did not appear to be aggressive in 
nature, as no fencing, indicative of aggressive behavior, was observed (Certel, 2007 
PNAS). Importantly, when 10 males and 10 females were observed in a vial, the male 
wing extension/twitching behavior was almost exclusively directed in response to 
male and not female flies, indicating male preference in this behavior.  These results 
indicated that the male-specific reciprocal wing extension/ twitching phenotype we 
observed was similar to an inter-male wing extension/singing courtship behavior, and 
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resulted directly from the P-element disruption of the Dmel\Kdm4A gene as the 
phenotype could be rescued by precisely excising the P-element to restore wild-type 
Dmel\Kdm4A transcript levels (Figure 5). 
Normal Drosophila displays a negative geotactic response in that when they 
are tapped to the bottom of a vial, they rapidly climb to the top and remain there 
(Feany and Bender 2000). This natural response is compromised due to aging and 
defects in neurological and muscle processes.  The climbing assay is widely used to 
quantitate the severity of defects in such processes as well as to monitor the 
progression of severity in a number of Drosophila neurological disease models (Chan 
and Bonini 2000; Chen and Feany 2005) including Alzheimer's(Crowther, Kinghorn 
et al. 2004), Parkinson's(Feany and Bender 2000) and Huntington's(Agrawal, Pallos 
et al. 2005) disease.  To test the climbing ability of the Dmel\Kdm4AP-Supp flies, 40 
male or female Dmel\Kdm4AP-Supp flies and 40 male or female Dmel\Kdm4AREV A 
control flies were placed in separate plastic vials and gently tapped to the bottom of 
each vial.  The number of flies at the top of the vial was counted after 18 seconds of 
climbing.  This climbing assay was performed at 3, 5, 8, 10 and 14 days of age.  The 
results revealed that Dmel\Kdm4AP-Supp flies showed no significant loss of climbing 
ability for male or female flies when compared to the revertant flies at all time points 
(our unpublished results).   Immunostaining of mutant and wild-type embryos with 
antibodies specific for either the differentiated neuronal marker protein elav or the 
glial cell marker protein repo revealed a normal neuronal staining pattern for all 
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embryonic stages observed, indicating normal embryonic neuronal formation in the 
Dmel\Kdm4AP-Supp flies (our unpublished results). 
 
Disruption of the Dmel\Kdm4A gene leads to a reduction in the male lifespan.  
We did not observe a significant decrease in Dmel\Kdm4A P-supp viability 
when compared to Dmel\Kdm4AREV flies.  Therefore, we assessed the effects of the 
Dmel\Kdm4A mutation on fly lifespan.   An equal number of staged 0-24 hour 
Dmel\Kdm4AP-Supp and control Dmel\Kdm4A REV A flies were transferred to grape 
juice agar plates in a collection chamber.  Importantly, male and female flies used in 
this experiment were grown separately directly after their eclosion to eliminate the 
affect of mating on longevity.   The plate was changed daily with fresh yeast paste 
over a period of 87 days with the number of dead flies per day recorded.  The results 
of this assay were graphed as survival curves for each of the fly lines (Figure 6).  We 
observed a significant reduction in the lifespan for male flies and no significant 
reduction for female flies, indicating that disruption of the Dmel\Kdm4A gene 
reduces the fly life-span in a male specific fashion.  
 
Specific genes associated with mutant Dmel\Kdm4AP-Supp phenotypes are 
significantly downregulated in response to Dmel\Kdm4A loss.   
Histone methylation patterns within the genome play an important role in 
establishing and maintaining specific gene expression profiles required for proper cell 
function (Lachner, O'Carroll et al. 2001; Fischle, Wang et al. 2003).  To investigate a 
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potential molecular basis underlying the twitching and longevity defects we observed 
in the Dmel\Kdm4AP-Supp flies, we asked whether loss of Dmel\Kdm4A resulted in 
misexpression of genes known to be associated with such phenotypes.   The mRNA 
levels of 16 specific genes  from Dmel\Kdm4AP-Supp  and Dmel\Kdm4AREV A   flies 
was assessed  by quantitative real time PCR and the fold change in gene expression 
levels between the two fly lines was determined (Figure 7).  As the twitching and 
longevity phenotypes we observed were male specific and intensified with age, we 
chose to use staged 21 day old adult males for RNA analysis to enhance our 
opportunity to detect potential changes in gene expression associated with these 
defects.   The putative Dmel\Kdm4A target genes chosen to be assessed were:  
Shaker (Sh) (Wang, Humphreys et al. 2000; Cirelli, Bushey et al. 2005), Hyperkinetic 
(Hk)  (Ueda and Wu 2008), and ether a go-go (Zhong and Wu 1993) chosen for their 
involvement  in K+ channel function and shown to display a shaking leg phenotype 
when mutated;  park  and pink1, involved in Parkinson disease  (Greene, Whitworth 
et al. 2003; Tan and Dawson 2006); Drosophila Nicotinamidase (D-NAAM), Silent 
information regulator 2  (Sir2), and rpd3, selected for their involvement in  a 
deacetylase-mediated longevity pathway (Rogina and Helfand 2004); bent (bt) and 
myosin heavy chain (Mhc), each involved in muscle function (Redowicz 2002); 
defective in the avoidance of repellents (dare) (Freeman, Dobritsa et al. 1999), Vap-
33-1 (DVAP-33A) (Chai, Withers et al. 2008)}, and survival motor neuron (SMN) 
(Chan, Miguel-Aliaga et al. 2003) each involved in appropriate neuromuscular 
junction (NMJ) function;  Heat shock protein 22 (Hsp22), the mitochondrial small 
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heat shock protein involved in stress and aging (Morrow, Battistini et al. 2004); and 
fruitless (fru) involved in male-specific neuron formation that promotes 
masculinization (Dickson 2002; Dickson 2008; Yamamoto 2008) .    The results of 
our analysis demonstrated that out of the 16 genes assessed, two of the genes (Hsp22 
and fru)  were significantly affected, with a marked decrease in  mRNA levels for 
each of them.  Of note, the fru gene was the most significantly downregulated (Figure 
7A), with fru mRNA levels so low in the Dmel\Kdm4AP-Supp flies, that they were 
undetectable in our qPCR assay and thus their downregulation was confirmed using 
RT-PCR and gel electrophoresis analysis (Figure 7B).  That only certain genes were 
affected indicate that the gene changes we observed were specific.  Additionally, 
Dmel\Kdm4A target gene downregulation in response to Dmel\Kdm4A loss is 
consistent with the function of Dmel\Kdm4A as an enzyme with potent histone 
demethylase activity for the removal of specific methyl groups from chromatin 
environments marked for repression (Shi 2007; Lin CH 2008; Wallrath and Elgin 
2008).   Significantly, each of the affected genes was associated with the wing 
twitching and longevity phenotypes we observed in our Dmel\Kdm4AP-Supp  mutant 
fly line.  For example, Hsp22 has been proposed to be involved in the aging process 
(Morrow, Battistini et al. 2004).  Quite notably, the most downregulated gene, fru, 
functions in male specific neuronal processing involved in masculinization, with fru  
fly mutants displaying inter-male courtship behaviors consistent with the inter-male 
courtship song behaviors we observed  in our Dmel\Kdm4AP-Supp mutant flies 
(Billeter, Rideout et al. 2006) .  Taken together, our results support an essential role 
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for Dmel\Kdm4A in the transcriptional activation of genes involved in the aging 
process and male- specific neuronal formation and courtship behavior.      
 
Discussion 
Using Drosophila, we describe the consequences of eliminating 
Dmel\Kdm4A function in an animal model.  Our results help to place the previously 
described biochemical activities and certain functional activities of JMJD2 into a 
developmental context.  To investigate the role of Dmel\Kdm4A during development, 
we identified a P-element insertion fly line in the FlyBase collection (designated 
Dmel\Kdm4AP-Supp), and confirmed that it disrupted Dmel\Kdm4A expression (Figure 
4A).  Our creation of two precise P-element excision lines (designated 
Dmel\Kdm4AREVA  and Dmel\Kdm4AREVB )  restored transcripts to wild-type levels, 
making our Dmel\Kdm4AP-supp and Dmel\Kdm4AREV  fly lines a powerful 
multicellular model system to explore developmental Dmel\Kdm4A function.    
Importantly, while this work was in progress, other groups also identified the 
Dmel\Kdm4A gene and demonstrated by overexpression assays the ability of this 
enzyme to specifically demethylate H3-K36 in vivo in flies and in Drosophila S2 cell 
lines (Lin CH 2008; Lloret-Llinares, Carre et al. 2008) and specifically demethylate 
H3K36me2 and H3K36me3 both in vitro and in vivo (Lin CH 2008).  These studies 
confirm the demethylation activity of Dmel\Kdm4A in Drosophila and strongly 
indicate that the cause of the phenotypes we describe here for the Dmel\Kdm4AP-supp 
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fly line is due to an imbalance of histone methylation in tissues and developmental 
stages where Dmel\Kdm4A  transcripts are lacking.   
When first characterizing the Dmel\Kdm4AP-supp fly line, we observed that the 
Dmel\Kdm4AP-Supp flies exhibited a wing extension/twitching phenotype.   
Quantitative analysis of this phenotype revealed that the average number of twitches 
per Dmel\Kdm4AP-Supp male fly was significantly higher than that of female 
Dmel\Kdm4AP-Supp flies and both male and female Dmel\Kdm4AREV A control flies, 
indicating that the twitching phenotype was male specific and caused by disruption of 
the Dmel\Kdm4A gene. Previous studies had demonstrated that mutations in genes 
that encode voltage gated ion channels and are associated with electrical signal 
transmission, display a twitching phenotype (Wang, Humphreys et al. 2000) and thus 
we reasoned that the Dmel\Kdm4AP-supp  twitching phenotype  may have originated 
from similar neurological defects.  However, unlike these mutant fly lines, we 
observed no significant defects in the ability of either Dmel\Kdm4AP-supp male and 
female flies to perform the climbing assay, a test used to monitor neurological defects 
(Chan and Bonini 2000; Kim, Kim et al. 2005).  We also did not detect any gross 
abnormalities in embryonic CNS and PNS development as assessed by 
immunohistochemical staining of embryonic glial cells, neuronal cells and embryonic 
axonal cytoskeleton formation, consistent with the defect being observed in the adult 
fly.   Moreover, qPCR analysis revealed that expression levels of the major genes 
involved in voltage-gated ion-channel formation were unaffected in the 
Dmel\Kdm4AP-Supp mutant flies when compared to revertants (Figure 7).  Taken 
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together, these results indicated that the wing extension/twitching phenotype in 
Dmel\Kdm4AP-Supp flies was reminiscent of another biological pathway.   
A detailed behavioral analysis of the mutant flies revealed that the male-
specific Dmel\Kdm4AP-Supp wing extension/twitching we observed was not random, 
but occurred almost exclusively in response to the presence of  other males and not 
females, demonstrating an inter-male preference for this behavior.  Further 
observation revealed that the behavior was identical in nature to a central component 
of the courtship ritual, the courtship song, which is produced by a visible unilateral 
wing extension and vibration and is commonly used as a measurable readout of the 
male’s decision to court (Dickson 2008).    This behavior was often reciprocal in 
nature between the males, did not appear to be aggressive, as absolutely no fencing, 
indicative of aggressive behavior, was observed (Certel, Savella et al. 2007) and was 
identical in nature to previous studies describing inter-male wing extension courtship 
behaviors (Certel, Savella et al. 2007; Clyne and Miesenbock 2008).   Phenotypes 
involving male-male courtship preference have been well characterized in the fly and 
predominantly result from disruption of the fruitless (fru) gene, shown to play a 
prominent role in the development of appropriate male sexual behavior.  The 
transcriptional regulation of the fru gene is complex, in that the single fru gene 
contains four different promoters, P1, P2, P3, and P4 that each encode closely related 
BTB/POZ (Broad complex, Tramtrack, and Bric-a-brac/Poxvirus and Zinc finger)-Zn 
finger (ZnF) proteins, that likely act as transcription factors (Song, Billeter et al. 
2002).  The function of  fru  in directing  male-specific sex determination depends on 
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transcripts initiated from the P1 promoter (Song, Billeter et al. 2002).  These 
transcripts are sex-specifically spliced, and subsequently translated into male-specific 
FruM  proteins that directs the formation of the masculinized P1 neuronal cluster in 
male flies (Kimura, Hachiya et al. 2008; Yamamoto 2008)  .   Transcripts produced 
from promoters P2-P4 function in sex-nonspecific roles in axonal pathfinding (Song, 
Billeter et al. 2002).    Remarkably, qPCR analysis using primers designed to detect 
fru transcripts revealed almost a complete absence of these transcripts in the male 
Dmel\Kdm4AP-Supp flies (Figure 7 B).  Our finding that fru transcripts are almost 
absent in male Dmel\Kdm4AP-Supp flies, and that these flies exhibit inter-male 
courtship behavior  is consistent with previous studies demonstrating that mutations 
at the fru locus that lead to inter-male courtship behavior are always associated with a 
global reduction in the levels of fru gene expression (Billeter, Rideout et al. 2006).  
Interestingly, the inter-male courtship behavior we observed was confined to the wing 
extension/courtship song stage of the well characterized courtship repertoire (Billeter, 
Rideout et al. 2006).  Moreover, although the flies distinctly exhibit male preference 
in performing this step of the courtship sequence, Dmel\Kdm4AP-Supp flies do produce 
offspring, indicating that male-female mating does take place.   This observation is 
consistent with previous studies demonstrating that different fru mutant flies exhibit 
courtship abnormalities to different degrees and at separate stages of the courtship 
sequence depending on the mutant allele (Villella, Gailey et al. 1997).  Importantly, 
although the molecular steps leading to the  production of male specific  FruM  
proteins via sex-specific differential splicing of fru P1 transcripts is well 
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characterized, the molecular mechanism(s) underlying how different P1-P4 initiated  
fru  isoforms are spatially and temporally regulated remain unclear.    Our findings 
have important implications for Dmel\Kdm4A in the control of fru gene expression, 
possibly by  controlling certain regulators of the fru gene, or by directly modulating 
histone  methylation levels at  P1-P4 gene regulatory regions in certain cell types  that  
results in the initiation and/or maintenance of  the differential production and levels 
of different  fru  transcripts, a model we can now explore with the use of our 
characterized Dmel\Kdm4A fly lines.  
Our longevity assays revealed that the lifespan of the male and not female 
Dmel\Kdm4AP-supp flies  was significantly reduced.   Intriguingly, this male-specific 
reduction in lifespan is consistent with studies of the HDM LSD1 in Drosophila 
demonstrating that reduction of LSD1 leads to a reduction in fly viability that is more 
severe in male flies (Di Stefano, Ji et al. 2007; Stefano 2007).   It is known that 
lifespan in Drosophila is influenced by a number of factors including temperature, 
starvation and caloric restriction (Rogina, Helfand et al. 2002), oxidative stress 
(Mourikis, Hurlbut et al. 2006), mating  (Aigaki and Ohba 1984), and certain gene 
mutations (Rogina, Reenan et al. 2000).  Moreover, a number of studies support a role 
for the epigenetic regulators Sir2 and Rpd3 in controlling longevity.  These histone 
deacetylases (HDACs) influence longevity through a pathway related to calorie 
restriction (Rogina, Helfand et al. 2002; Rogina and Helfand 2004).  Calorie 
restriction triggers downregulation of Rpd3 and upregulation of Sir2 activity, leading  
to the extension of lifespan in Drosophila, presumably via changes in HDAC 
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production that influences gene expression profiles that control longevity.  Here, we 
show that although levels of Rpd3 and Sir2 gene expression are unaffected in 
response to Dmel\Kdm4A loss, there is a significant reduction in mitochondrial 
Hsp22 transcript levels.  Notably, disruption of the mitochondrial Hsp22 gene in flies 
results in a decrease in longevity while overexpression of the gene in all cells or 
motoneurons increases fly lifespan.  Thus, our results suggest that JMJD2 is directly 
or indirectly involved in regulating the aging process via Hsp22 controlled pathways 
(Morrow, Battistini et al. 2004). 
  Several studies have demonstrated connections between regulation of histone 
methylation and neurological disorders.  Specifically, SMCX, a member of the 
H3K4me3-specific demethylase family, has been linked to X-linked mental 
retardation (XLMR) (Tzschach, Lenzner et al. 2006).  Moreover, neuron specific 
genes are misexpressed due to histone demethylase LSD1 knockdown (Di Stefano, Ji 
et al. 2007).   Intriguingly, the fru gene, also significantly down-regulated in response 
to Dmel\Kdm4A loss (Figure 7), plays an essential role in neurogenesis by directing 
the correct formation and positioning of a male-specific neuronal cluster   termed P1, 
that is located in the dorsal posterior brain and directs typical male fly behavior and 
courtship (Yamamoto 2008) .    It   has been recently postulated that fru determines 
the level of masculinization of these neurons by regulating the transcription of a set of 
downstream target genes.  Thus, it is tempting to speculate that in our  
Dmel\Kdm4AP-Supp flies there are additional neuronal genes, particularly those 
involved in P1 neurite formation, that are also misexpressed, resulting in disruption of 
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the masculinized P1 cluster (Yamamoto 2008).  Our development and 
characterization of the Dmel\Kdm4AP-supp and Dmel\Kdm4AREV fly lines now provide 
a powerful multicellular model system to further explore the biological function of  
JMJD2 in controlling such gender-specific behavioral and neuronal  processes. 
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Figures and Figure Legends 
 
Chapter 2 Figures and Figure Legends 
 
Figure 1.  MYST family member dTip60 and GNAT family member dElp3 proteins 
are highly conserved with their human homolog counterparts.  (A) Shown is a 
schematic representation (drawn to scale) of the conserved domains and their location 
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within the dTip60 and hTip60 proteins.  Both proteins contain (from left to right): an 
N-terminal chromodomain and a C-terminal MYST functional domain.  For dTip60, 
the chromodomain is 70% identical/87% similar and the MYST domain is 80% 
identical/89% similar to hTip60.  (B) Schematic representation (drawn to scale) of 
the conserved domains and their location within dElp3 and hElp3 proteins.  Both 
proteins contain an N-terminal putative histone demethylation domain and a C 
terminal HAT domain. For dElp3, the putative histone demethylation domain is 
88%identical/94%similar and the HAT domain is 85% identical/93% similar to 
hElp3. (Structural domains were obtained by CDART, NCBI). 
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Figure 2.  dTip60 and dElp3 are evolutionarily conserved among different species.  
Shown is the predicted amino acid sequences for the proteins encoded by (A) dTip60 
and (B) dElp3 and their alignment with sequences encoded by ORFs from H.s., 
Homo Sapiens; M.m., Mus Musculus; D.r., Danio rerio; C.e., Caenorhabditis 
elegans; A.t., Arabidopsis thaliana; S.c., Saccharomyces cerevisiae.  Interspecies 
homology ranges from 29%-56% (D.r. to M.m.) identity/41%-68% (D.r. to M.m.) 
similarity for dTip60 and 70%-82% identity (A.t. to H.s.)/82%-92% (A.t. to H.s.) 
similarity for dElp3 over their entire coding region.  Black boxes and grey boxes 
represent identical and similar amino acids, respectively. Alignment was carried out 
by Genedoc. 
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Figure 3. dTIP60 and dELP3 are each differentially expressed during Drosophila 
development.  Real time PCR analysis of dTIP60 and dELP3 transcript levels using 
stage specific Drosophila Melanogaster cDNA libraries (12-24 h staged embryos, 
first, second and third instar larvae, pupae, adult flies) prepared by RT priming of 
DNase treated RNA with random hexamers and PCR primer sets amplifying 200bp 
regions specific for each dHAT.  Histogram depicts RNA copy number (Mean + SD) 
in logarithmic scale of at least three independent experiments for both dTIP60 and 
dELP3 in each stage of development.  SYBR-Green kit and OpticonTM2 system (MJ 
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Research) were used for real-time detection and data analysis.  All data shown is 
corrected for – RT background. 
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Figure 4.  Structure of the pUAST dTIP60/RNAi and control constructs.  (A) 
Schematic representation of the dTIP60 ORF.  Black arrow represents the location of 
the 613 bp RNAi non-conserved target sequence chosen for use in creating the 
following constructs.  (B)  Schematic diagram of the dTIP60/RNAi construct.  The 
613 bp RNAi target cDNA sequence was amplified by PCR using the cDNA dTIP60 
clone reported here as template, and cloned into a sense-antisense inverted gene 
arrangement into the inducible expression vector (pUAST) under the control of 
GAL4-UAS binding sites.  A PCR generated polylinker and the common restriction 
site that joins the inverted cDNA fragments separates the cloned repeats and serves as 
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the “hinge” region of the hairpin.  (C) Schematic diagram of the dTIP60/control 
construct.  The same RNAi cDNA target sequence was cloned into a sense- sense 
orientation and separated by the same short polylinker as described above. 
 
 148 
 
 
Figure 5.  The transient transfection of D. Mel-2 cells with the dTIP60/RNAi 
construct results in deleterious effects on cell growth and reduction of endogenous 
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dTIP60 transcript levels.   Shown in panels A-D are Dm-2 cells  visualized at 200X 
magnification using phase/contrast optics. (A)  Cells transiently transfected with 
pAc5.1/V-5-His/LacZ (unstained). (B)  Same cells as in A stained with B-
galactosidase showing transfection efficiency at 77%.  (C)  Cells transiently 
transfected with dTip60/control construct, shown 24 hours post-transfection.  (D)  
Cells transiently transfected with dTip60/RNAi construct, shown 24 hours post-
transfection.  Arrows point to morphologically defective cells.  (E)  Semi-quantitative 
RT-PCR analysis of dTIP60 and RP49 transcript levels.  RNA was isolated from cells 
(shown above) 24 hours post- transfection.  Equal amounts of RNA for each sample 
was subjected to cDNA library preparation using RT priming with random hexamers 
and PCR using primer sets specific for dTIP60 that did not amplify RNAi target 
sequences and primer sets specific for RP49 internal control. All experiments shown 
were repeated at least 3 independent times with consistent results. 
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Figure 6.  Expression of dTIP60/RNAi in three independent fly lines reduces 
endogenous dTIP60 levels.  (A) Progeny resulting from a cross between homozygous 
dTIP60/RNAi (independent lines dTIP60/RNAi/A,B and C) or dTIP60/control 
(independent lines dTIP60/control/A,B and C) and ubiquitous GAL4 line 337 were  
allowed to develop to the third instar larval stage.  RNA was isolated from three third 
instar larvae progeny and subjected to semi-quantitative RT-PCR analysis.  Equal 
amounts of RNA for each sample was subjected to cDNA library preparation using 
RT priming with random hexamers and PCR primer sets specific for either dTIP60 
that did not amplify dTIP60 RNAi target sequences or RP49.  All RT-PCR 
experiments included negative (-RT) controls for both dTIP60 and RP49 which 
showed no background in all samples tested (data not shown). All experiments were 
repeated at least twice with consistent results.  This figure shows RT-PCR analysis of 
one representative experiment.  
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Table 1.  Expression of dTIP60/RNAi in three independent fly lines results in total 
lethality of developing flies. 
 
Fly linesa GAL4+(y; Cy+)b GAL4-(y+; Cy)b 
dTIP60/RNAi/A 0±0 49±11 
dTIP60/RNAi/B 0±0 53±12 
dTIP60/RNAi/C 0±0 57±14 
dTIP60/control/A 67±16 63±7 
dTIP60/control/B 57±0 59±8 
dTIP60/control/C 69±3 67±12 
 
 
a Three flies homozygous for either dTIP60/RNAi or dTIP60/control P-element 
insertions were mated to three flies homozygous for the actin GAL4 driver line 
Act5c-GAL4:  (dTIP60/RNAi or control x P{Act5c-GAL4}/CyO,y+).  For 
dTIP60/RNAi lines, the P element insertion is located on the X chromosome for line 
A and on the second chromosome for lines B and C.  For dTIP60/control lines, the P-
element insertion is located on the second chromosome for line A and on the X 
chromosome for lines B and C.  b Adult progeny were counted over a ten day period 
and scored for either GAL4+(y;Cy+) or GAL4-(y+;Cy) phenotypes.  Lethality for the 
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majority of flies occurred during pupal development.  The results are reported as 
Mean ± SD (n=3). 
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FIGURE 1. - Structure of pUAST Dmel\ELP3/RNAi construct.  (A) Schematic of 
the Dmel\ELP3 ORF. Solid arrow represents the location of the 650bp RNAi non-
conserved target sequence chosen for use in creating the Dmel\ELP3/RNAi construct. 
(B) Schematic of the Dmel\ELP3/RNAi construct. The 650bp RNAi target cDNA 
sequence was amplified by PCR using the cDNA Dmel\ELP3 clone reported 
previously as template and cloned into a sense–antisense inverted gene arrangement 
in the pUAST inducible expression vector, under the control of GAL4–UAS-binding 
sites. The inverted cDNA fragments are joined by a PCR generated short polylinker 
sequence and common NotI restriction sites, serving as the hinge region of the RNAi 
hairpin. 
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Table 1.  Expression of Dmel\ELP3/RNAi using the ubiquitous GAL4 driver 
daughterless (da) results in nearly 100% lethality. 
a Three flies homozygous for Dmel\ELP3/RNAi/B P-element insertion or 3 w1118 flies 
were mated to three flies homozygous for the ubiquitous, homozygous GAL4 driver 
line w*;P{GAL4-da.G32}UH1  
b Progeny were counted over a 10-day period and scored for viable adults and dead 
pupae. To calculate the effect of RNAi on viability, the average number of viable 
progeny for Dmel\ELP3/RNAi/B was divided by the average number of viable 
progeny for three independent w1118 x w*;P{GAL4-da.G32}UH1 crosses. 
Dmel\ELP3/RNAi/B reduced viability to 0%, while viability of w1118 control lines 
was 100%. Lethality of RNAi flies occurred during late pupal development. Results 
are reported as mean ±SD (n = 3).   
Fly lines a Number of Eclosed 
Adults b 
Number of Pupae b % Survival 
w1118 (Control) 44 ± 4 44 ± 3 100 
Dmel\ELP3/RNAi/B 0 ± 1 43 ± 10 0 
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FIGURE 2. – Dmel\ELP3 is significantly downregulated after ubiquitous induction 
of ELP3/RNAi.  Three male Dmel\ELP3/RNAi/B or w1118 flies were crossed to 
three female w*; P{GAL4-da.G32}UH1 flies and allowed to grow to early pupae.  
Real-time RT-PCR analysis was performed on samples from three independent 
crosses of each line.  A) Dmel\ELP3 expression was significantly downregulated 35-
fold as compared to controls (da-GAL4 x w1118).  RP49 used as reference gene 
(internal gene expression control).  ΔΔ Ct values were calculated to derive fold 
changes.  Error bars represent standard deviation of fold change.  Statistical 
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significance of difference of gene expression between experimental and control 
samples was determined with student’s t-test; *P<0.0007, n=3.  
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FIGURE 3. –Nervous system-specific expression of Dmel\ELP3/RNAi/B results in 
slightly increased climbing ability in adult flies.  Flies expressing Dmel\ELP3/RNAi 
have significantly increased climbing ability as compared to control for 22 
consecutive days.  Control genotype: w1118;UAS-Dmel\ELP3/RNAiB; Experimental 
genotype: y1w*;P{GawB}60IIA, Dmel\ELP3/RNAiB.  Error bars = mean±stdev, 
n=3. P<0.1 
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FIGURE 4. –Nervous system-specific expression of Dmel\ELP3/RNAi/B results in 
increased locomotor activity and decreased sleep in adults expressing 
Dmel\ELP3/RNAi in the nervous system.  Total activity was measured over a 24 hour 
period (12 hr:12 hr light/dark cycle) for RNAi males and females and for control 
males and females.  A) RNAi expressing flies have significantly higher total 
locomotor activity over a 24-hour period than control flies and circadian rhythm 
remains unaffected (females P= 1.54062E-05, males P= 3.75E-04, 2-tailed t-test, 2 
sample, assuming equal variance). B) and C) Average activity (n=32) at each 30 
minute time-point in a 24-hour period for female and male flies (respectively B and 
C).  Both female and male RNAi expressing flies are almost always more highly 
active than controls and RNAi flies almost never reach complete inactivity.  Control 
genotype: w1118; UAS-Dmel\ELP3/RNAiB; Experimental genotype: 
y1w*;P{GawB}60IIA, Dmel\ELP3/RNAiB. n=32.  
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FIGURE 5 – Dmel\ELP3/RNAi in the nervous system results in female flies that 
sleep significantly less than controls.  Video monitoring of male and female 
Dmel\ELP3/RNAi x 60IIA-GAL4 compared to W1118 x 60IIA-GAL4 adult progeny 
shows that female RNAi flies slept significantly less than female control flies in the 
dark.  
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FIGURE 6. – Novel target genes are misregulated as a result of ELP3 
downregulation.  Three male Dmel\ELP3/RNAi/B or w1118 flies were crossed to 
three female w*; P{GAL4-da.G32}UH1 flies and allowed to grow to early pupae.  
Real-time RT-PCR analysis was performed on samples from three independent 
crosses of each line. Potential target genes were misregulated compared to controls 
(da-GAL4 x w1118) due to ubiquitous induction of ELP3/RNAi.  RP49 used as 
reference gene (internal gene expression control).  ΔΔCt values were calculated to 
derive fold changes.  Error bars represent standard deviation of fold change.  
Statistical significance of difference of gene expression between experimental and 
control samples was determined with student’s t-test; *P<0.009, n=3.  
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FIGURE 7. – Induction of ELP3/RNAi in the nervous system results in an increase 
of number of synaptic boutons at muscles 6 and 7 of abdominal segment A4 at the 
larval NMJ.  Morphology of individual boutons did not look altered, however 
Dmel\ELP3/RNAi expressing larvae had significantly more synaptic boutons on 
muscles 6 and 7 of abdominal segment A4 than did control larvae. A) and B) 
Confocal images of boutons at muscles 6 and 7 of the larval NMJ at abdominal 
segment A4 show that A) controls have significantly less boutons than B) 
ELP3/RNAi flies. Control genotype: W1118 x elavC155; Experimental genotype: 
Dmel\ELP3/RNAiB x elavC155. Shown on left side: HRP (green) stains Drosophila 
neurons, anti-CSP (cysteine string protein) (red), stains protein within pre-synaptic 
vesicles, bottom images are CSP and HRP staining merged showing CSP within 
individual neuronal boutons. A) and B) Shown on right side: magnified images of 
CSP (top) and CSP/HRP (bottom) merged staining to show more detailed view of 
CSP staining and bouton expansion.  C) Type Is and type Ib boutons were 
significantly increased over controls, with a greater increase in type Is boutons than in 
type Ib boutons.  3rd instar larvae used were from the following crosses: experimental- 
Dmel\ELP3/RNAi/B x elavC155 and control- w1118 x elavC155. P < 0.000001, n > 12.  
D) Arbor area of representative samples is significantly increased in 
Dmel\ELP3/RNAiB x elavC155 larvae in comparison to W1118 x elavC155 larvae.  Scale 
shown is the same for all samples.  Note: Three additional representative samples for 
each genotype are shown in Supplemental Figure 1.   
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Chapter 4 Figures and Figure Legends 
  
Figure 1.  Dmel\Kdm4A DNA  sequence.  Alignment of the Dmel\Kdm4A cDNA 
and sequence found at NCBI.  Mismatches are indicated in blue, start codon in green 
and stop codon in red. 
 166 
 
Figure 2.  Schematic representation of histone demethylase families.   
Dmel\JHMD1, Dmel\JHMD2 and Dmel\Kdm4A are each highly conserved with their 
human homolog counterparts.   Shown is a schematic representation (drawn to scale) 
of the conserved domains and their location within each of the JHMD1, JHMD2 and 
Dmel\Kdm4A family members. Structural domains and locations were obtained at 
CDD/NCBI.  Numbers represent percentage identity and similarity with respect to the 
corresponding  
Drosophila homolog.  The positions of the JumonjiC (JmjC) and JumonjiN (JmjN) 
domains are indicated.  Zinc-like finger, CXXC-zinc finger, PHD and tudor domains 
and their locations are also shown.  
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Figure 3.  Dmel\JMHD1, Dmel\JMHD2 and Dmel\Kdm4A are each 
differentially expressed during Drosophila development.  Semi-quantitative real-
time PCR analysis of Dmel\JMHD1, Dmel\JMHD2 and Dmel\Kdm4A transcript 
levels using stage specific Drosophila melanogaster cDNAs (12-24 h staged embryos 
(E), first (L1), second (L2) and third (L3) instar larvae, pupae (P), adult (A) flies) 
prepared by RT priming of equal amounts of DNase treated RNA with random 
hexamers and PCR primer sets amplifying 400 bp regions specific for each HDMs.  –
RT controls were used for each sample.  All experiments were repeated at least 3 
independent times with consistent results. 
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Figure 4.  Characterization of Dmel\Kdm4AP-supp and Dmel\Kdm4AREV fly lines.   
(A) Schematic representation of P-element location within  the Dmel\Kdm4A locus.  
(B) Semi-quantitative RT-PCR analysis of transcript levels in Dmel\Kdm4AP-Supp and 
Canton S flies.   RNA was isolated from either male or female adult flies and equal 
amounts of RNA for each sample was subjected to cDNA preparation using RT 
priming with random hexamers and PCR using primer sets spanning the 
Dmel\Kdm4A open reading frame (ORF).  
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(C)  Semi-quantitative RT-PCR analysis of transcript levels in Dmel\Kdm4AP-supp and 
Dmel\Kdm4AREV A flies.      All experiments were repeated at least 3 independent 
times with consistent results and similar results were obtained for Dmel\Kdm4AREV B. 
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Figure 5.  Disruption of Dmel\Kdm4A gene results in a twitching phenotype. 
Staged 0-24 hour Dmel\Kdm4AP-Supp and Dmel\Kdm4AREV A   flies males and 
females were collected in separate vials and allowed to acclimate for 4 days.  10 vials 
containing 3 male flies and 10 vials containing 3 female flies were observed and the 
number of times the flies twitched was counted over 5 minutes.  The number obtained 
in each vial was divided by 3 to calculate average number of twitches per fly.        
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Figure 6.  Disruption of Dmel\Kdm4A results in a reduction in male specific 
longevity.  Survival curves of male (A) and female (B) flies that were separately 
reared after eclosion at 25oC.  Mt is Dmel\Kdm4AP-Supp and WT is Dmel\Kdm4AREV 
A control flies.  Flies were maintained in embryo collection chambers at 25oC.  The 
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flies were changed each day and the number of dead flies was recorded per day.   The 
data was analyzed using 2-way ANOVA with SAS programming and Microsoft 
Excel. 
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Figure 7.  Specific genes associated with Dmel\Kdm4AP-Supp male-specific 
twitching and   longevity phenotypes are significantly downregulated in response 
to Dmel\Kdm4A loss. 
(A) Shown is a histogram depicting qPCR analysis of the expression of the indicated 
genes in staged 21 day old male Dmel\Kdm4AP-Supp and Dmel\Kdm4AREV flies.   The 
relative fold change in mRNA expression levels were measured using the 
comparative Ct method with rp49 as the internal control gene. Error bars represent 
standard deviation. Asterisk (*) indicates significant fold changes between 
Dmel\Kdm4A mutant and revertant flies with values of  p < 0.05.  
(B) Semi-quantitative RT-PCR analysis of fruitless transcript levels in 
Dmel\Kdm4AP-supp and Dmel\Kdm4AREV A flies. All experiments were repeated at 
least 3 independent times with consistent results. 
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FIGURE 1. – Dmel\TIP60 HAT reduction in the nervous system results in an 
increase of type-Is boutons and a decrease in type- Ib boutons.  Type Is and Ib bouton 
counts at muscles 6/7 of abdominal segment 4 of Drosophila larval NMJ.  Larvae are 
from crosses: A) elavC155 x TIP60/RNAi/A, 29°C showing increase in type-Is and 
type-Ib boutons, B) elavC155 x TIP60/DN/4, 25°C, showing increase in type-Is and 
decrease in type-Ib boutons, C) elavC155 x TIP60/OE/B, 29°C, showing opposite of 
HAT reduction from B as decrease in type-Is and increase in type-Ib boutons.  *P-
values indicated on individual graphs, n > 12. 
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SUPPLEMENTAL FIGURE 1. – See Chapter 3, Figure 7 for full description.  For 
each set of images: top panel- HRP (green) stains Drosophila neurons, middle panel- 
anti-CSP (cysteine string protein) (red), stains protein within pre-synaptic vesicles, 
bottom panel- merged, showing CSP within individual neuronal boutons.  Notes: 1) 
Branching morphology in A looks different from other control samples, but bouton 
number is consistent with the control samples; 2) Trachea (or possible axon) is shown 
in B and should not be counted as part of the arbor.  
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Chapter 5: Conclusions and Future Directions 
 
TIP60 and Synaptic Bouton Formation at the NMJ 
The TIP60 HAT is essential for multicellular development in Drosophila and 
its reduction in the nervous system results in a loss of differentiated neurons (Zhu, 
Singh et al. 2007).  Due to the importance of TIP60 in the nervous system, we were 
interested to know whether it plays a role in synaptic plasticity.  I found that lethality 
occurred during the pupal stage for progeny of both TIP60/RNAi (at 29°C) and 
TIP60/DN (at 25°) crossed to elavC155–GAL4.  Therefore, we carried out TIP60/OE 
crosses at 29°C to see the greatest effects, as GAL4 is more highly activated at higher 
temperatures.  My preliminary data (Chapter5, Figure 1) shows that reduction of 
Dmel\TIP60 in the nervous system using RNAi (Dmel\TIP60/RNAi/A) and loss of 
TIP60 HAT function using a dominant negative Tip60 (TIP60/DN/4) results in an 
increase of type-Is boutons, and contrastingly to ELP3 mutants, a decrease in type-Ib 
boutons (Figure 1, Chapter 5).  Future experiments will entail further examination of 
the muscles by immunohistochemical staining and measurement of size, as I observed 
that larvae expressing TIP60/DN/4 appeared “squishy” and the muscles visually 
appeared smaller than controls.  Different pre- and post-synaptic markers will be 
assessed to determine functionality of the synapses at the larval NMJ, discussed 
below.  
 
 
 179 
 
Conclusions and Future Directions 
It has become abundantly clear that chromatin-modifying enzymes are 
important for various developmental and tissue-specific cellular processes.  I have 
shown through the use of genetic techniques in Drosophila melanogaster that the 
histone acetyltransferase ELP3 is essential for multicellular development and an 
important player in synaptogenesis.  I also identified novel target genes affected by 
ELP3 downregulation that are involved in synaptic function, stress response, and 
sleep.   
At the beginning of my graduate studies, my plan was to decipher the role of 
Dmel\ELP3 in development.  Using a reverse genetics approach, I created transgenic 
flies carrying an inducible ELP3/RNAi construct and utilized them to tissue-
specifically downregulate ELP3 and potentially decipher the resulting aberrant 
phenotypes.  ELP3 misregulation is involved in a number of human disorders that 
affect normal neuronal function, including the neurodegenerative disorder Familial 
Dysautonomia (FD), and the motor neuron degenerative disorder amyotrophic lateral 
sclerosis (ALS).   According to the importance of ELP3 in normal neuronal function 
as evidenced by its association with neurological diseases, we expected that ELP3 
reduction in the nervous system would result in lethality.  This was not the case.  
However, we did not let the data discourage us or rear us away from the initial 
question of the importance of ELP3 in nervous system function.  Upon careful 
observation of flies that we induced to downregulate ELP3 in the nervous system, we 
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found that their viability was unaffected, but they did indeed display abnormal 
behavior.  Visual observation of the flies indicated a hyperactive phenotype.  We 
quantified and further characterized this phenotype, ultimately coming to the 
conclusion that the flies were more active, slept less, and survived as long as their 
control counterparts.  We also found that the number of synaptic boutons at the larval 
NMJ was increased after ELP3/RNAi induction in the nervous system.  
Immunohistochemistry showed that RNAi and control larvae contained cysteine 
string protein (Csp) within their synaptic boutons.  Csp is a major synaptic component 
that is required for neurotransmitter release.  The presence of Csp within the pre-
synaptic membranes suggests that the boutons are functional and there consequently 
may be increased amounts of neurotransmission in the RNAi flies.     
My results have opened doors to investigate the specific roles of ELP3 in 
synaptic remodeling.  Using the same techniques as with ELP3 synaptic studies, I 
initiated work investigating the role of another HAT, TIP60, in neurogenesis.    I 
utilized the Drosophila larval NMJ, counting type-Is and type-Ib boutons on muscles 
6 and 7 of abdominal segment A4 in third instar larvae.  Results show that ELP3 
reduction in the nervous system results in an increase in the total number of both 
type-Is and type-Ib boutons.  In contrast, my preliminary results demonstrated that 
TIP60 (RNAi) and TIP60 HAT-function-specific (dominant negative) reduction 
resulted in a total number of increased boutons (Is + Ib), but a decrease in the number 
of type-Ib boutons.  Notably, TIP60 reduction resulted in the formation of satellite 
boutons, while satellites were not apparent in TIP60/OE larvae.  The larval NMJ is a 
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powerful model system to use for studying neurogenesis and synaptogenesis.  The 
identification of novel proteins that regulate processes of synapse formation and 
neuronal maturation in Drosophila can potentially help lead to the identification of 
novel proteins that regulate human synaptic and neural functions. 
Many proteins at the Drosophila NMJ have already been identified, and can 
be used to uncover mechanisms underlying the control of synaptic plasticity.  For 
example, nc82, a marker of an active zones that exist within the pre-synaptic boutons 
and dGluRIII, a post-synaptic density marker can be used for immunohistochemical 
staining within the same larval preps to determine how many active zones are present 
and whether the neurotransmitters that will be released from the pre-synaptic 
membranes have receptors to bind to in the post-synaptic density to initiate 
downstream responses (Dickman, Lu et al. 2006).  This would determine whether the 
synaptic boutons, regardless of number, type, or morphology, are functional.  In 
addition, anti-futsch and anti-acetylated tubulin antibodies can be coupled together to 
determine whether microtubules (MTs) are properly stabilized.  Futsch is a protein 
with MAP1B homology that controls synaptic growth at the Drosophila NMJ via 
regulation of the synaptic microtubule cytoskeleton.  It colocalizes with microtubules 
and is required for the microtubule looping architecture that occurs during bouton 
expansion.  Mutations in futsch disrupt synaptic microtubule organization, reduce 
bouton number, and increase bouton size (Hummel, Krukkert et al. 2000; Roos, 
Hummel et al. 2000).  ELP3 mutants had an increase in bouton number that appeared 
morphologically normal and there was a significantly higher increase in type-Is 
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boutons than type-Ib boutons.  This suggests that ELP3 reduction may affect bouton 
size, and the increase in bouton number in combination with a decrease in bouton size 
may be due to defects in microtubule stabilization that can be visualized by staining 
the NMJs with the futsch antibody. Visual observation of the TIP60 mutant NMJs 
shows that the arborization patterns in TIP60/RNAi and dominant negative larvae 
appeared to be more “branchy and bunchy” than controls, indicating possible defects 
in MT polymerization.  Futsch staining of the NMJs could lead to the uncovering of 
mechanisms underlying the control of microtubule stabilization/destabilization, while 
anti-acetylated tubulin staining could yield insight into whether these HATs are 
acetylating substrates other than histones and affecting microtubule stability.  
Keeping in mind that ELP3 is a chromatin modifying enzyme that has been proposed 
to contain a second catalytic domain, and that has been shown to acetylate α-tubulin 
in neurons it is important to determine how ELP3 is functioning in Drosophila to 
suggest appropriate parallels for mammalian, including human, studies.  
Downregulation of ELP3 in the nervous system, followed by western blotting of 
proteins purified from Drosophila brains will allow us to probe for specific histone 
modifications and characterize the enzymatic activity of Dmel\ELP3.   
ELP3 downregulation resulted in downregulation of the sleepless gene and 
upregulation of the stress response gene Hsc70-3 and the presynaptic protein Syb, 
which is required for neurotransmitter release.  Consistent with these findings, these 
flies exhibited a reduction in sleep amount.  There are intriguing connections between 
the data we found. Quiver (qvr), an allele of sleepless, is a mutation that causes 
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impaired shaker (Sh)-dependent potassium (K+) current.  It presumably enhances K+ 
channel activity thereby reducing neuronal excitability and allowing sleep. Mutations 
in the Shaker gene result in non-functional K+ ion channels with weakened 
conductance, that results in prolonged action potentials and repetitive neuronal firing 
(Rehm and Tempel 1991).   Additionally, shaker mutants have reduced sleep.  Taken 
together, we can postulate that ELP3, rather than directly regulating bouton 
expansion, might be regulating shaker gene function, which is weakened due to ELP3 
downregulation.  This would deem K+ ion channels non-functional leading to an 
expansion of synaptic boutons through an increase in neuronal excitability and hence 
a decrease in sleep and an increase in neuronal firing as suggested by the increase in 
Syb and number of presumably functional boutons.  Through the use of real-time RT-
PCR, we can determine whether shaker and other ion channel genes are affected by 
ELP3 downregulation.  As we do not know whether ELP3 is directly regulating Syb, 
Csp, Sleepless, and Hsc70-3, it is important to determine direct target of ELP3 to 
dissect regulatory pathways that it affects.  This could lead to possible therapeutics 
for diseases that have defects in ion channels, such as epilepsy and ataxia and certain 
retinal diseases (Hubner and Jentsch 2002).   
TIP60 reduction resulted in a distinctly different synaptic phenotype, with a 
decrease of type-Ib boutons and the formation of satellite boutons.  The differences 
suggest that ELP3 and TIP60, HATs of two different families regulate synaptic 
plasticity through distinct regulatory pathways, or that they affect the same pathway 
in opposing ways.  If ELP3 reduction is causing shaker dysfunction that leads to 
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increased neuronal firing, maybe TIP60 reduction causes shaker upregulation and 
therefore a reduction in neuronal firing.     
Csp and Hsc70-4 have been shown to regulate exocytosis, and it is thought 
that they may contribute to the stabilizing or refolding of partially unfolded synaptic 
protein(s).  In larvae, excitatory junction potentials (EJPs) occur in response to 
vesicular release of glutamate from motoneurons at the synapse. EJPs at the NMJ can 
be recorded in the muscle through electrophysiology, using an intracellular electrode.  
Action potentials are artificially evoked in motor neurons that have distinct firing 
thresholds when stimulated, and when they fire simultaneously, they generate a 
response in the muscle.  The signals transmitted across the NMJ synapse can be 
recorded in muscles that are innervated by the motor neurons.  Neurons must recycle 
vesicles at the synapse to maintain transmitter release during intense stimulation.  
Following membrane fusion at the NMJ, synaptic vesicles are reshaped and formed 
from the plasma membrane by bulk or clathrin-mediated endocytosis, which is 
mediated by Hsc70-4.  Synaptic recycling, endocytosis, and exocytosis of labeled 
vesicles can be studied through the use of the fluorescent dye FM 1-43 and 
electrophysiology (Verstreken, Ohyama et al. 2008).   As previously stated, many  
different synaptic functions can be studied at the Drosophila NMJ, and different 
studies would yield insight not only into the functions of ELP3 and TIP60, but also 
into the functions of various synaptic proteins and regulator of endocytosis and 
exocytosis.  Electrophysiological studies in ELP3 and TIP60 mutants could show 
whether either of these enzymes affects vesicle recycling.    
 185 
A very recent study shows evidence of traces of presynaptic motor neuron 
membrane fragments and immature synaptic boutons termed ghost boutons at the 
Drosophila larval NMJ.  Depletion of draper, which encodes a receptor that is 
involved in engulfing neuronal materials in other parts of the nervous system, resulted 
in an increase of presynaptic debris and ghost boutons.  Draper-mutant flies had 
abnormally developed NMJs with enlarged or misshapen boutons, suggesting that 
clearance of excess presynaptic material is required for normal NMJ development.  It 
was also found that draper plays distinct roles in different tissues: loss of draper in 
the glia resulted in a reduced clearance of presynaptic debris, while loss of draper in 
muscle cells resulted in reduced clearance of ghost boutons (Fuentes-Medel, Logan et 
al. 2009).  Reduction of ELP3 in the fly nervous system results in an increase of 
synaptic boutons at the NMJ, and while we did not observe ghost boutons, we cannot 
rule out the possibility of the existence of excess presynaptic debris.  The same holds 
true for flies with reduced TIP60.  The recent findings suggest that the NMJ 
continuously produces and sheds excess presynaptic membrane material as it 
continues to grow and that efficient clearance of excess synaptic material by glia and 
muscle cells is vital for normal NMJ development.  It would be beneficial to 
determine whether excess material at the NMJ is being efficiently and appropriately 
cleared, in that if it is not it would support that new boutons are being formed and 
turned over.  If clearance is efficient in the NMJs, then it can be suggested that draper 
is not a direct target of ELP3 and/or TIP60.   
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Using specific antibodies at the NMJ can help to determine local effects on 
synaptic plasticity and function.  To determine whether ELP3 or TIP60 affect 
synaptic bouton formation and function through transcriptional events we can 
perform chromatin immunoprecipitation followed by sequencing (ChIP-seq) to 
determine which genes are being directly regulated by ELP3 or TIP60.  Finding direct 
targets will yield greater insight into affected regulatory pathways.     
Taken together, we can utilize the UAS-GAL4 system in Drosophila to study 
various functions of chromatin regulators.  With the amenability of the larval NMJ, 
we can extensively study the functions of our HATs in synaptic function to tease out 
the mechanisms behind synaptic bouton expansion and retraction and synaptic 
function in response to misregulation of specific genes.  Also, with the successful use 
of HDAC inhibitors for treatment of human disease, we can potentially use our 
unique fly lines for therapeutic testing of specific chemical compounds in the 
treatment of neurological defects. 
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